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PREFACE TO THE REVISED EDITION. 


SiNOK the original publication oC thifl book in 1881 
groat ndvanccB bavobccn made in our knowledge of tho 
8un, and in the four or five editions which have subse- 
quently appeared the attempt has been made to keep 
tho book measurably up to date by tho addition of 
appondicoB and notes. 

Tlio time has* come, however, when such expedients 
are no longer adequate, and tho antlior has therefore 
thoroughly revised the work, rowi’iting portions, em- 
bodying notes in the text, and adding whatever seemed 
noccBsary to make tlio book fairly roprosentativo of tho 
solar soionco of to-day. 

Tho progress of discovery with respect to helium 
has boon so continuous and rajnd during tho revision 
and printing of the work, that I have found it neces- 
sary to append a Bupploniontary note upon tho subject. 

Special thanks are duo to Prof. Halo for several of 
tho finest of tho twenty now illustrations, and to Ginn 
and Oo. for tho use of one or two cutB from my Gen- 
eral Astronomy. 


Nommler, J896. 
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It IB my piirpo&o in this littlobook to pi’cscnt a 
ei’ftl view of wlmt is "known and boiiovod about l)io sun, 
in language and mannor as unprofcssioiial uh ia con- 
sisteut with prceiBion. 1 write neither lor Bcionliri(5 
readers as such, nor, on the other hand, for the nmaaea, 
but foi’ tliafc largo class in fcho cou)munifc_y wl»o, witliout 
being thomsclvcB engaged in Rciontiftc puranita, yet 
havo Buflicicnt education and intclligonoe to he inter- 
ested in aciontific subjects when presented in an un- 
teclinioal mannor ; who dosirc, and tu ‘0 ]>orfc<?(.ly v.om- 
potonfc, not only to know tlio results obtained, hnt to 
understand the principles and mothoda on which they 
doponcl, without caring to maator all the details of the 
invoBtigation, 

I have tried to keep distinct the lino hotweon the 
certain and the conjectural, and to indicate na far aa 
possible the degree of conhdonco to bo placeil in data 
and conclusions. 

It is hardly nocossary to say that the work has snuill 
claims to originality. I havo made use of material 
suited to my puriioso from ail acccsaihlo sotircijs; poaai- 
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bly in some ensos (though I hope not) without giving 
sulheiont credit to the original autliority. I have been 
epcoially indebted lo Secchi, Loclcyorj Proctor, Pan- 
yard, Vogel, Sehellen, and Langley, . . , 


Phinokton, AwjUHi i. 188 1. 
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INTOODCJCTION. 

'nm BlWfl RKLATIOii 10 LIFE AND ACTIVITY UPON THE EAJlTil, 

Hvicf Statement of the Principal Fiiota relating to the Sun, and of the 
Accepted Views as to its Constitution. 

Tt is tvuo tliat from tlio lii^liest point of -view the 
Bun is only one of a mnltitiido — a single star among 
millions — thonstinds of wliioh, moat likely, exceed him 
ill brightness, niagnitnde, and power. He is only a pri- 
vate in the host of heaven. 

But he alone, among iho countless myriads, is near 
enough to alTtict torrcslritil affairs in any sensible degree ; 
and his inllueneo upon them is snch that it is hard to 
find the word to name it ; it is more than mere control 
and dominanco. Ho docs not, like the moon, simply 
modify and determine certain more or less important 
activities upon the surface of the earth, but he is almost 
absolutely, in a material sense, the prime mover of the 
whole, 'j’o him wo can trace directly nearly all the 
energy involved in all phenomena, mechanical, chemi- 
cal,, or vital. Out oil his rays for even a single month, 
and the earth would die; all life upon its surface would 
ccaso. 

dNiore always has heon a more or less distinct recog- 
nition of this fact. I'ho first man’s expenence of the 
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lii’fifc simsct ovor "witnuKried by human cyca nmst have 
made it tremendously obvioiiB, when ho saw the sun 
descend below tlm lioriKon, ajid the darkness close in 
upon the earth, and I’clt the dull ol' night, and Cell 
asleep not knowing of a sun rise to come — unless, per- 
haps, some divine revolution took pity on the hopeless 
terror ho must otherwise have siilfered, or nnless he 
may have been, like a little child, slow to notice and 
iiniible to eoinprohoud what would frighten a more in- 
telligent being. 

But while the material supreinacy of the huh has 
filways been recngniKed by though tl’ul minds, and has 
even boon made the foundation of religious systems, as 
with the Pcrsiiins, it has been reserved for more mod- 
em times, and to our own century, to show clearly just 
how, in wliat soiifio, and how far the mml)oams are tiio 
life of the earth, and tlio sun himself tlie syndjol and 
vicogeroiit of tbo Deity. The two doctrines of the corre- 
lation of forces and the conservation of energy, having 
once boon distinctly appro) lended and formulated, it 
has been comparatively easy to c.onfirm them hy expuri- 
niout and observation, and then to ti‘a(;o, one by one, to 
their solar origin, tlie different classes of energy wluc-b 
proaont themselvoB in terrestrial phenomena — to show, 
for inetanoQjihow the power of waterfalls is only a traus- 
f ormiition of the sun’s heat and that the same thing 
is true, a little tiiore remotely 'but just as (uirtainly, of 
tlm power of at earn, of electricity, and even of aiiimuls. 
'riie idea is now so fiiiniliar that it is hardly maaissary 
to dwoll upon it, and yet, for some of o\ir readers at 
least, it may be worth while to examine it a little more 
closely. 

Whenever work is done, it is hy the niidoii\g of some 
previous work. Wliou a clock moves, it is the unwind- 
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iiig of {I Kpriiig or tlio falling of a wciglit which keeps 
it going, juid sonu5 one Jinist liavo wound it up to begin 
Avitli, If the water of a river falls year after year over 
a cataract, and is intercepted to drive our mill-wheels, 
llio river continues t(j run because some power is con- 
tinually raising and returning to the hill-tops the water 
which has (lowed into the sea — a process precisely 
e(juivalent to the daily rewinding of the clock. If the 
])ovv<ler in a ritle explodes and drives out the bullet, its 
explosive energy depends u])on the fact tliat some power 
luiH placed the (;oniponent molecules in such relations 
that, when tlie trigger is jndled, and the exciting 8i)ark 
has, so to s])cak, cut the bonds wliich hold thorn apart, 
they rush together just as suspended weights would 
fall if freed. Ilofore the same substance, which once 
was charge of gunpowder, hut now is dust and gas, 
can again do tlie same work, the products of tho ex- 
plosion must by some })ower ho decomposed, and tho 
atoms r(‘])laced in the same relations as before tho firing 
of tho gun ; and this proc.ess is mechanically analogous 
to tho lifting of fallen weights and iducing them upon 
elevated shelves, or hanging them from hooks, ready to 
drop again when tho ocension may require. 

Procisoly tho saino tiling is true -of tho boat pro- 
duced by tho eonilnistioii of ordinary fuel: it is duo to 
the eollapso of molccuiles, for tho most part of oxygon 
on one side, and carbon and hydrogen on tho other, 
which have been separated and built up into structures 
by tho action of some laboring power. 

Tho same can he said of animal power, for all inves- 
tigation goes to show (hat in a mechanical soiiso tho 
l)ody of an animal is only a vcrymgonious and olfoctive 
mac] lino, by means of which the living inhabitant which 
controls it can utilize tho energy derived from tho food 
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taken into tlio stoiuaoh. ’I'lio body, regarded uh a inccli- 
aiusm, is only a food-engine in wlucli the stomach ami 
lungs stand for the fnriiaco and boiler of a steam-engine, 
tlje ncrvoiia system for the valve-gear, and the nuiselcB 
for the cylinder. Jfoio tlie personality witliin, whieli 
wills and acts, is pnt into I'olation with tins valve-gear, 
so as to dotcrniino the movements of the body it I’e- 
sWes in, is the insorntablo mystery of life; the facts 
in the cose, liowcver, being no less facts becanse inex- 
plicable. 

And now, when wo come to iminire for the sonreo 
of tixe energy whicli lifts the water from the sea to the 
inonnlain-top, which decomposes the carbonic acid of 
the atmosphere, and plant-foods of the soil, and builds 
7ip fcho liydrocarbons and other fuels of animal and 
vegotablo tissue, wo fmd it always mainly in llio solar 
rays. I say mainly becanse, of course, the light and 
boat of the stars, the impact of meleors, and the prob- 
able slow contraction of the earth, are all real sources of 
energy, and contribute their quota. But, as compared 
with the energy derived from the sun, their total 
amount is probably something like the ratio of starlight 
to smdighfc so small that it is quite clear, as we said 

* PoiilHot, nbowt ffiSS, cumo to » concliision ojillroly Jiico})»IbIo»1 
with tho fitftlomont ot the text, From hia ftoUnomotrio ohaowti Ilona, 
lio ilertnood a tempemturo of — 224” F. (—Mg” C.) for Uib 
poralwoof apnee,” which ia 23ft“ (131 0.) nhove the fthaolulo /.ero. To 
nmlnlaSn this icmpcrnlni'o of~-224”, lio calcuhilcd Dint tlio stars nnd 
space hi general innsl fnmlsh to the cnrlh about SK per cent, ns much 
beat aa the sun suppUos. Ills caloulatlous, Ijowovcv, rest upon asavimp. 
lions ns to tho laws of cooling and radiation which avo not at pvoaent re- 
ceived ns accurate, and ho faUfilo take proper account of tho Influence of 
wa tor- vapor In tho ah' — an influence, tho inaguUudo of which was first 
brought out more than twenty years Inter by tho rosoarohes of Tyndall 
and Magnus. It Is now gonoruUy adiirtttcd, lliovcforo, that Ills rosnU can 
not, bo aoceptod. 
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boforOj tliftt ft month’s deprivation of the solar rays 
would involve the utter dcstructioii of all activity upon 
the earth. 

It is natural, therefore, that modern science should 
make much of the sun, and that the study of solar phe- 
nomena and relations should ho pursued with the great- 
est inlorest. h'or the last fifty years this has been 
es^iocially the ease ; Sehwabc’s discovery of the perio- \ 
dieity of the sun-spots in 1851; the developinent of 
spoctroHcopie analysis hetween 185*1 and 1870; the 
C(ilipao observations siiuio 1 8G0 ; the researches of Car- 
rington, Huggins, Do La Iluo,.Lockyer, Janssen, Secchi, 
‘7' ogel, Langley, Iliile, and others ; tho establishment of 
the obsorvatorics at l^otsdam and Mendon — these are 
all evidences of tho ardor with which astronomers have 
devoted themselves to tho problems of solar science, and 
of their rich rewards. 

It may ho well, before entering upon tiie more 
extended discussion of our subject, to summarize here 
a few of ilio more important and obvious facts re- 
lating to tho sun, with a brief statement of the views 
at present generally hold in regard to its constitu- 
tion. 

1.'o tho few unaided eyes which are able to hear 
its hrilliance without flinching, the Bun presents tho 
appearaneo of a round, white disk, a little more than 
half ft degree iiuliamctor — ^i. e.,a row of seven hundred 
suns, side by side, would just about fill up the circle of 
tho horizon. Usually, without a telescope, tho surface 
appears simjfiy uniform, except that there is a slight 
darkening at tlio edge, and that once in a while black 
spots are soon \xpon the disk. There is nothing in the 
sun’s appearance to indicate his real distance, and, until 
that is known, of course no conclusion can bo arrived at 


0 


INTRODlTCTrON. 


as to his ti'UG climcnsions ; but tho lieiit of his riiya is 
obvious, and, long before tho days of toloHeopOH and 
thermomotore, led to tho coucliision that he in nothing 
more or less tlian an GuormouB ball of firo. 

If we watch him from day to day tlirough tho year, 
beginning about tho Slst of March, wo bIuiU lind tluil 
at noon ho daily rises higlior in the heavens, nutil about 
the a2d of Juno i at this tinio he ascends to tlie Hamo 
height each noon tor soveral successive days, and llieii 
slid os slowly south, passing on Sopteinbor 22d the tde- 
vation he had at starting, and keeping on until, on De- 
Leinbei* Silst, he attains Ids favlhost southing ; thoneo he 
returns, till ho reaches the place of beginning, and 
night and day again aro equal. 

If, at tho same time, ono lias noticed tho stars eac.li 
night, he will Hnd tho constollatioiis to have shifted 
with tho months, in aueli a way that it is clear that th(5 
sun has been travoling eastward among them through 
tho sky, as well as swinging north and sotitli ; moving, 
in fact, yearly around the hoavona in a path whicdi is a 
great circle of the aphero, inclined soiuo 3)1.1® to the 
equator, and called tho ecliptic, because it is only avIkui 
tho moon is near this lino at now or full that eclipses 
happen, 

There is nothing in this motion which of itself <‘,an 
inform ns whether its cause is a real movement of the 
sun around tho earth, or of tho earth around tho sim. 
At present, of courao, every ono knoM's that the earth 
is really the moving body. A careful watching shows 
that her path is not quite circular, or, at least, tliat tlie 
sun ifl not exactly in tho center, since it is ono hundred 
and eighty-six days through tho summer from tho ver- 
nal to tho autumnal equinox, and only ono hundred and 
Bovonty-niiio from tlic autumnal to tho vernal, 
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Tliia iniicli was known to tho anciontfl, and tho one 
additional fact that th<5 siin’a diatunco is many time.s 
jrn'iilcr than (hat of tlic moon; it is all that could pos- 
fiihly ho loai’nod without tho use of tho toloseopo and 
instruinonts of j)ro(!i«ion. 

J^loderu astromnny lias ^’ono much furthor. Wo 
now know that tho sun’s averagx3 distance from tho 
(sartlr is alamt 9;h()()t),l)d0 miles, ami consecpmntly that 
liis diamelor is about N(lo,()()0 miles. Tho suii has 
boon W('i^’he<l !i»'ainst tho earth ami found to contain 
a (jiiantity of matter lU'arly J{;{0,0()() times as groat, and 
ooni])aring this witli his ('uormoiis bulk, it appears that 
his mean density is only about one fourth that of 
tho earth, or one and a (juurtor tiuies that of water 
— in other words, the mtm of tho sun is about ono 
•friirth gnjuter than that of globe of water of tlio same 
sisce. 

r The visible surface of the sun bus b{*en named the 
lp/io/o,y>/u')'{^y ami by watcliing tlio spots, wbicb oocta- 
sionally appear upon it, wis bavo as('ortaiiied that it 
\ revolves iijaui its axis om?e in about twenty-five and a 
I (luartev days. At times of t(»tal eclijise, wboii tho moon 
hides from us the body of tho sun, we are enabled to 
see eertaiu outlying jjbeiioinena at other tunes invisible. 
We find close around the himinous surface a rosc-ool- 
ori'd stratum of gaseous mat. tor to which h'ranldand and 
\ hookyor some years ago assigned the luuno of oliromo- 
\y)hfire. Here and there great mas.4es of this chromo- 
Uiheric matter rise higli above the general level like 
Uihmds of flami's, and are then known m j'n'omineiices or 
\)rotnl)erfmcef^. 

Out side of the ohromosphoro is tho mysterious co- 
an irregular halo of faint, pearly light, composed 
for tho most part of I'ailial fl laments and streaniors, 
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wliicli extend oiifcwaid fi'om tlio sun to an enormous 
distanco; often mom than a million of miles. 

The 8i)ecti*ORCopo informs us that, in ^'I’eat part at 
least, tho olonionts, which exist in the lower regions of 
the solar atniosphore in the slate of va])or, are metals 
wo are familiar with «]>on tho earth ; while it shows 
tho cliroinosphcre and ]>roiniiienees to consist mainly 
of hydrogcii and heliuin, and makes it possible to oh- 
sorvo tiiom even whon tho sun is not hidden by the 
moon. Tho secret of the (lorona it fails to nnhxik as 
yet, though it informs ns of the presouee in it of an 
unknown gas of ineoncoivahlo tcmiity. 

Tlio ^^yrlidiomeUr and a<if,lnovicif.r mcuHum for ns 
tho ontilow of solar heat, and show us that the blaze is 
at least aoven or eight times as intense as that of any 
furnace known to art. Tho quantity of heat omitted is 
onongh to melt a shell of ice more than a foot Lhitdc 
over tho whole snrfaco of tho sun every secMuid of time: 
this is equivalent to the consnin])tion of a layer of tho 
best antliracito coal over hvo inches thick every single 
minute. 

Oomhining tho facta just statod, astronomers aro for 
tho most pai't agreed upon tho following conelusions as 
to tho constitution of tho sun : 

1. Tho central portion is probably for tho most part 
a mass of intcnsoly heated gases, 

2. Tlio pliotosphoro is a shell of Inminons clouds,, 
formed by tlio cooling and condensation of the eondon- 
siblo vapors at tho surface, where exposed to tho cold, 
of outer spaeo. 

3. The chromofiphoro is composed mtiinly of uncon- 
douslhlo gaeos (conspicuonsly liydrogon) loft V)ehind by 
tho formation of f.lic pliotosphoric clouds, and hearing 
Bomolhing tlio saino relation to thorn that tho oxygon 
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and nitrogen of oiir own atmosphore do to onr own 
clouda. 

'k Till) corona as 3'ot has received no explanation 
wliicli commands universal assent. It is certainly truly 
solar 1.0 some extent, and very possibly may bo also to 
some oxLeivt muteoric 
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DTSTANOIi AND JiJMENiiTONf! OF THE EUN. 

tmpoi'lAiico of llui Pi'obloin. — DefitiUion of Parnllnx, — AriHlavohuH’H I)(>tor- 
raiimtion of the Pamllfts. — Dilfcvoiit Avnniiblo Mi'tliodH.—Oljs^frvii- 
tions of Mara niul of tho iicnror Afitcroidji. — TrannltH of Voiiiia. — 
Ohsen’ftUons of (’ontacta niifl Photograpliic Work.— J)ott*i’ininivlion 
of Solar Panillnx by ineaiia of tlio Vulodly of liipjlit; by Tnumr niiil 
PI II notary Pcrtiirbatlons. — IlluHtmtions «X ilio IinnionKity of tli« 
Sun’a Dlalanco. — Diameter of tbo Sun. — Tlio Hun’a SUihh iinil DenHity. 

Tiik problem of finding tlio clisfcitnco of tho Rtin ih 
0110 of tlio most imporliuit and dillioiilt iirosontod by 
fistronomy'. Its iniportaiico lies in tliis, (luit tbis dis- 
taiico — ^tho radius of tlio earth’s orbit — is tlio Imse-line 
by moans of which wo measnro ov'^ory olhor cohmfial 
distance, oxcQptbig only that of the moon ; so that error 
in this haso propagates itsoll: in all directions tlirougli 
all spaco, affecting with a corresponding propovLion of 
falsehood every mcasnrod line— the distance of every 
star, the radius of every orhifc, tho diameter of every 
planet. 

Onr estimates of (ho masses of the heavenly bodies 
also depend upon a knowledge of the sun’s distance 
from the earth. 'Che quantity of matter in a star oi 
planet is dotormined by caloulations whose fnndaniontal 
(lata include tho distanco botwoon the investigalod body 
and some other body whoso motion is (iontrollod or 
modified by it ; and tliis distance generally enters into 
tho computation by its eube, so tliat any error in it h> 


DISTANCE AND DIMENSIONS OE TUB SDN. 


11 


volvos ii luoro l.han tlirecfokl error in tlio resulting mass. 
An iinoertainty of one per cent, in the sun’s distance 
implies an uncertainty of more than throe per cent, in 
every celosliul muss and every oosmical force. 

Error in this fundamental element propagjites itself 
in time also, as well jus in space aiul mass. That is to 
say, our calculations of the mutual effects of the planets 
upon each other’s motions depend upon an accurate 
knowledge of their masses and distances. By these 
eahmlations, were our data perfect, we could predict for 
all futurity, or reproduce for any given epoch of the 
past, the conligurations of tlio planets and the con- 
ditions of their orbits, and many interesting problems 
in geology and natural history seem to ro(piiro for their 
solution just such determinations of the form and po- 
sition of the earth’s orbit in by-gone ages. 

Now, the slightest inaceuraey in the data, though 
hardly alTueting the result for epochs near the present, 
lends to error which neemmdates with the lapse of 
time; so that even the present imcortainty of the sun’s 
dislnnce, small as it is, reiuhn’s precarious all eonclu- 
sioiis from such com])utatioii8 when the period is ex- 
tended more than a few hundred thousand years. Tf, 
for instance, wo should find as the result of calculor 
tion with the received data, that two millions of years 
ago the ecconi.ricity of the earth’s orbit was at a maxi- 
mum, and the perihelion so placed that the sun was 
nearest during the northern winter (a condition of 
affairs which it is thought would produce a glacial 
epoch in the southern hemisphere), it might easily 
liaj^pon that our results would ho exactly contrary to 
the truth, and that the stato of affairs indicated did 
not o{*nur within ton thousand years of the specified 
date — aiul all because in our calculation the sun’s dis- 
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I.anco, or tlio solar parallax by whioli it is moasarcd, 
waa as an mod half of one per coiit, too great or too 
smaH, In fact, this solar paralbix on tors into almost 
ovcry kind of astronomical computationsj (Vom llioso 
winch deal ^rith stellar systems and the consdtulion of 
tho nnivorsOj to those which liavo for their ohjcct noth- 
ing higher than tho prediction of tho moon’s plaoo as 
n means of -finding the longitude at sea. 

Of coui’ 60 , it hardly need bo said that its dotormina- 
tion is the first step to any knowledge of tho dimensions 
and constitution of tho snn itself. 

This ‘‘parallax” of tho sun is simply the myulm' 
semi’dia/meter of the earth as see7ifrom the sun ; or, it 
may bo dofined in another way as tho angle between 
the directum of tho snn ideally observed from tho center 
of tho earth, and its actual direction as scon from a sta- 
tion whoi'G it is just rising above tho horisson, 

AVo know with great accuracy tho dimensions of tho 
earth. Its moan equatorial radius, according to llark- 
noas’s latest detormination (agreeing, however, very 
olosoly with previous ones), is 3903'124 English miles 
[03YI’0Y2 kilomoLros], and tho error can hardly amount 
to more than -gu-^-oir of the whole — perhaps, 800 foot, 
one way or tho other. Accordingly, if wo know liow 
largo tho earth looks from any point, or, to speak tech- 
nically, if wo know the parallax of tho point, its dis- 
tance can at onco bo found by a very easy calculation : 
it equals simply [200,265 X the radius of the earth ] h- 
[tho parallax in seconds of arc]. 

* Tills imtnkor MO, 2 OB is tho length of tho rndlus of a olrolo ox- 
prcBBetl in ficconrls of tta olrowrateroncc. A ball ono foot In actual (llain- 
Qtor would have au apparent dlamolor of ono BOcond at a distance of 
20fl|20B foot, or a little niovo tlinn 80 mllcB, If Its apparent diameter 
wore lO*, Its distance would, of coiu’so, bo only A f'S yi'cat. 
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Now, in tiiG (inao of tiio aun it is very diffioult to 
ftnd tho parallax with anffioient precision on account ot 
its sjnalinesa — it is loss than 0", almost certainly between 
B‘V5" and 8* 8 5". But this tenth of a second of doubtful- 
ness is nioi’G tlian ylir of tho whole, although it is no 
more than tho angle subtended by a single hair at a dis- 
tance of nearly 800 feet. If wo call the parallax 8*80", 
which is probably vory near the truth, the distance of 
tho sun will como out 02,808,000 miles, while a varia- 
tion of ^ of a second oithor way wilf change it about 
half a million of luilos. 

When, a surveyor has to find the distance of an in- 
accessible object, ho lays off a convenient base-line, and 
from its oxtremitics observes tho directions of the ob- 
ject, con Bid bring himself very nnforinnato if bo can 
not get a base whoso length is at least of the dis- 
tance to be measured. But tho whole diameter of tho 
ear til is loss than ■jriii'O distance of the sun, 

and tho astronomer is in the predicament of a sur- 
veyor who, having to measure the distance of an ob- 
ject ten miles off, linds^himself restricted to a base of 
loss than five feet; and herein lies the difiienlty of tho 
problem. 

Of course, it would bo hopeless to attempt this prob- 
lem by direct observations, such as answer perfectly in 
tho caso of the moon, whose distance is only lliirty 
times tho earth’s diameter. In her caso, observations 
taken from stations widely separated in latiludo, like 
'Berlin and tho Capo of Good Hope, or 'Washington and 
Santiago, determine her parallax and distance with very 
satisfaetory procision ; but if observations of tho same 
acouracy could bo made upon tho sun (which is not tho 
caso, since its heat disturbs tho adjustments of an instru- 
ment), thoy would only show tho parallax to bo some- 
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where between S" and 10"; its dislaneo boUveem 120,- 
000,000 and 82,000,000 miles. 

Astronomers, therefore, have been driven to employ 
indirect methods based on various principles ; some on 
observations of the nearer jdaiieLs, some on ealeulatioiis 
founded upon tbo irregularities — the so-called porhir- 
bations — of Innar and planetary movements, and some 
upon observations of the velocity of light. Indeed, 
before the Christian era, Aristarclpia of Samos had de- 
vised a method so ingenious and jjretty in theory that 
it really deserved success, and would have altained it 
wore the necessary observations su.sceptiblo of suilluiont 
acoiiraey. 

His idea was to observe carefully the number of 
hours between new moon and the iirst quarter, and also 
between the quarter and the full. The Jirst interval 
should be shorter than tbo second, and the dilToi’onco 
would dotormino how many times the distance of the 
sun from the earth exceeds that of the niouii, as will 
bo clear from the aeeouipanying figure. Tiie moon 

Fia. 1. 



j'eaches its cpiarter, or appears ns a lialC*moon, when it 
arrives nt tbo point Q, where the linos drawn from it 
to the sun and cnrtli are perpendicular to ea(di other. 
Since tho angle H. E Q ~ E S Q, it will follow that 
H Q is tho same fraction of II E as Q 3‘1 is of E S ; so 
tliat, if 11 Q can bo found, wo shall at once have tho 
ratio of Q E and E S. Aristarelius thought bo bad as- 
certained that tlio first quarter of tho month (from N to 
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Q) wua iiboul 12 lioura sliortor Ilian the seeond, from 
vvliicli Iio coiii|iut-o(l tho kuii to ho about iO times as dis- 
tiint as tho moon. The difiiciilty lies mainly in the 
iinjiossihility of determining the instant when tho disk 
of the moon is exaolly bisected, and dejiends j>artly 
np()n tho fact that the hinar surface is very rough, and 
partly upon tho fact that tho sun’s diameter is nearly 
twice that of tho orbit of tlio moon, instead of being a 
mere ])oint, as in the iigure. The boniuhiry between 
light and darkiu'ss— the U‘rmvnato)\ as it is called — is 
both irregular {ind ill-dulined. Tho real difforenco he- 
tweim the two (piartera is not (piito .‘hi minutes, so that 
the sun’s distance is about *100 times the moon’s, b’or 
more than 1,600 years, however, the result of Aristar- 
chus stood uiKjuestionod, having been accepted hy Tlip- 
parchns and Ptolemy. 

The different methods upon which our present 
knowledge of tho sun’s distance depends may be classi- 
fied as follows : 

1. ObHorvfiUoiiH upon tho pkuiot Mars noiu* opposition, in two dis- 

tinefc ways : 

(a) ObHorviitions of Ibo planet’s {loolinntion inailo from ata- 
tions widely Hopavatod in latitude, 

(ft) Observations from a siiiRlo station of tho planet’s right 
' nBoonHioii wiion near tlio oaatern and woslovn horixons 

— known im hlamBtcod’s or bond’s moliiod. 

2. Ohsorvallons of Venus at or near inferior ooujunotions: 

(a) Obsorvations of Imr distance from small stnra moasiirod 
at stations widely diftoront in latilmlo. 

(ft) Obsorvations of llio transits of tlic planet; 1. Tly noting 
tlio durtifmi of tiie transit at wldoly-HOpnriitod ala- 
tions; 2. Hy noting tlio true (Iroenwhili thno of ooii- 
taot of tbo jdanot with tlio sun’s limb ; 8. Hy men an r- 
ing tho distance of tlio phinotfrom the sun’s limb with 
aultablu mioronmlrio aiiparatus ; <1. Hy photographing 
tho transit, and Hubsoipiontly measuring tho ploturos, 
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8. By obaorving tho oppositions of the noaver nstoroidain the flimio 
ni miner ns those ol' Mnrs. 

4 . By iiionna of the so-enllcd pnrallnctlo inequality of the moon. 

5 . By mo am of tho monthly equation of tho sun’s motion. 

O4 By means of llio jioi'turhntions tif tlio planets, wliicli furnisli us 
the m 01 1113 of oonipnting tlio ratios between the mum'K tif 
the planets ami tho aim, and eonsoquontly their disimu'es- 
icnown as Levorrior’s method. 

7 . By monsiiring tho velocity of light, and oombining the result 
(a) with “ equation of liglit” hotwoon tho earth and sun, or 
(&) with ” the constant of aberration.” 

Our Bcopo and limits do not, of conrso, I’oquirn or 
allow any oxhanstive discuBsion of tlioso tliH’oront iiuitli- 
ods and tLieir results, but some of them will repay a few 
moments’ consideration ; ' 

Tho first three methods, known as the triijtmo- 
metrical method&.^ are all based upon the same geiierul 
idea, that of finding tho actual distance of one of the 
nearor planets by ohsorviiig its dis])lacament in tliu sky 
as soon from romoto points on tho earth. The rvla- 
ti/oo distances of the planets arc easily found in sijv* 
oral dilloront ways,'^ and are known with very great 

* One inothod of dctermliimg tho roIiiUvo clistnncca of a planot and 
tho Biin from each olhov and from the earth is tl»o following, known Hiiini 
tho days of lllpparclmai Pivst, observe the date when the planul. coiiich 

1^0. 2 . 



to Ufl opposition— i, 0,, when huu, oartli, and planot are in lino, oa In iha 
figuro, where tho planet and earth are roproaontod by M and E. Next, 
after a known number of day a, eay one hundred, when tho planet Ima ml- 
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JiiCiu’jKty — l.liij possible orror havdly reaching tho tcn- 
Ibousaiultli in oven the most nnftworable cases. In 
other words, wo are able to draw for any moment an 
ox(!oetlingly accurate map of the solar Bystem— the only 
ipieatioii being as to the scwilo. Of conrse, the detormi- 
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nation of any line in tho map will fix this scale; and 
for this purpose one lino is as good as anotlier, so that 
tlio measui’omont of tho distance from tho earth to tho 
jdjinot Mara, for instance, will settle all tho dimensions 
of tho Byslom. 

vnnwd to It' nnil the oarth to E', obaorve the planet’s clonpation from 
tbo snii, i. c., tlio angle M' E’ S. Now, since wo know the pcriailiu times 
of botli'llio caiilt anil planet, wo shall know both the angle M S It' moved 
over by the planet in one hundred days, and also E E', described in tho 
same time by the oarlh, Tho dlfforoncc is M' S E, often cnlled tbc aynodio 
angle. We have, thovoforo, in the triangle M'SE', the nnglo nt E' 
nionsured, and the nnglo M' 8 E' known ns stated above, and henoo by 
the ordinary proeossos of trlgouomotry wo can find tho velativo values 
of Its lliruo sides. 

8 
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l?ig, 3 illustrates tlie inotUoil of observation. Su)> 
pose two observers^ siLnated one near tliu north polo 
ol the earth, the other near the south. Looldng at the 
planet, the nor thorn oh server will see it at N (in the upper 
figure), wliilo the other will see it at S, rartlier north in 
the shy. If the northern observer sees it as at A (in 
the lower part of the figure), the southern will at the 
same time see it as at JJ ; ami, by measuring euro full)' 
at each station the apparent clistanoe of the planet from 
several of the little stars (a, u) which appuar in the 
field of view, the amount of the disphieement can bo 
accurately ascertained. The figure is drawn to sc-ale. 
Tlio circle E being talcon to represent the si/.o of tlu! 
earth as seen from Mars when nearest us, the black disk 
represents the apparent size of the planet on the same 
scale, and the distance between the points N anrl 8, in 
either figure A or li, ropresonts, on the same scale also, 
the (lisplnoemcmt which would he produced in the plain 
ot’s position by a transferoiiee of the observer from 
Washington to Santiago, or versa. 

The first modern attempt to determine the sun’s 
parallax was made by this method in 1.(570, when the 
IVonch Academy of Sciences sent Uicher to (layenne to 
obsoi'vo the opposition of Mars, while (Jassini (who ])ro- 
posod the expedition), Iloomur, and IMcard observed it 
from different stations in If ranee. When the results 
caino to bo compared, bowuvor, it was found that tho 
planet’s displacement was iin])orceptihle by their exist- 
ing means of observation ; from this they inferred, tliat 
the planet’s parallax could not exceed lialf a minute of 
are, and that tho sun’s could not bo more than XO". 

In 17.12 Lacaillo at tho (iapo of Good TIo]ie made 
similar obsorvallons, and tlielr comparison with oor- 
rospoiufing observations in Europe showed that instru- 
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moiits had so lav improved as to make the displacement 
rpiito sensible. lie fixed tlio sun’s parallax at 10", cor- 
responding to a distance of 82,000,000 miles. 

In more recent times the method has been frequently 
applied. It can be used to the best advantage, of course, 
when, at the time of “ opposition,” the planet is near its 
])erihelion and tlio earth near its aphelion, for then the 
distance between Mars and the earth is the least possi- 
ble. These favorable oppositions occur in the late sum- 
mer or early autumn about once in iifteen years, as in 
1817, 18(12, 1877, and '1892. 

The meridian observations which furnish the ma- 
terial of method l«, and wore mainly relied on until re- 
cently, seem for some reason, perhaps connected with 
the planet’s red color, to he untrustworthy; at any rate, 
tliuy generally give values of the parallax persistently 
about one pei' cent, larger than the other methods, and 
rather discordant among thomsolvos. 

Flamsteed’s method, on the other hand, stands very 
higli, especially when so modified as to utiliiso the co- 
operation of numerous observers iu diiforent countries, 
Though first suggested long ago, it would havo amounted 
to very little with the instnimonts then available, and it 
luul been ' practically lost sight of until tho expedition of 
Dr, (HU to Ascension Island, in 1877, brought out its 
real value. 

His iustriunont was a “ holiomotor,” loaned by Lord 
Lindsay for tho occasion. It consists essentially of a 
telescope having its olijocf-glass divided into two semi- 
cii’cnlar pieces which can slide by eaoh other. Each 
ludf of tho lens makes its own imago of tho object under 
examination, so that liy properly sotting tho somi-lonsos 
the images of two noigldioring stars can bo made to 
coinoido ; and if we know tho displacement of tho two 
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lensea^ which can i )0 measured l)y an aeon rate acalo, Lln^ 
angular distance beLwcen the stars can bo dotoviniiuid 
with a precision unattait\al)lo by any other kmiwn 
cess. The instrument is delicate, couijdieated, and ditll- 
cult to use, blit in the liands of an adopt it is thoroughly 
I'oliablo. It was with the holioniotor that F>ossel, in I HUM, 
first sounded in tor stellar spacte by measuring tho anunni 
parallax* and distance of (ii Clygni. 

Mr. GilPs observations consisted in moasuronmnlH 
of tho apparent distance between the planet and tins 
stars lying near its path, ami of the distances botwtam 
tho stars tliomselvcs ; the principal obseiwatoi'les uIko 
co-o}ierated in tho work by determining with the ii lino si, 
precision tlxe absolute jilaccs of the stars. It would 
take too much space to explain fully how from such 
observations tho solar parallax can bo accurately worlu'd 
out; but any one can easily see that when tho planet in 
rising the effect of parallax (whiuh always makes a liiuly 
appear lower in tho 1 leave ns than it otiierwise would) in lu 
shift itapparciitly toward thomiv^; when .Mars is in Ihc 
west tho apparent shift, on tho other hand, is westward \ 
and by comparing tho measurements made at all InuirH 
of the night for several consecutivo weeks tho plancFiii 
regular orbital motion and tho amount of this iliiily 
parallactic shift can bo sepafatuly detorinined with lui- 
nnto exactness. 

As tho final vcbuU of tho whole operation, ,l)r. (till 
obtained 8*780*' ± 0*020" for tho snips parallax. 

Several of the minor jilanels or asteroids wliich havo 
very eccentric orbits at times como so near us at oppa- 

“anniml,” or “hollnconli'lc,” "parallax” of a Blar 1 h n«»L 
samo OB Us hovlwmlal purullnx, or luipular HcmUHaiootcii' of tho ear lit m 
acQii from llio star ; It la the Hotnl-tllainolur of tho oarlli’s orhU virvpftU 
from tho star, anti Is noarly Iwolvo ihousaiul times ^roator than Uki othflif* 
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sition that they can bo atlvantagcously uhservod in the 
same way. They never approach quito as close as Kai's 
does, but per contra tlioy are so much smaller that 
they look just like stars, and cun bo observed with the 
holioineter inucli more accurately than a planet which 
presents a disk. Very recently, in 1880 and 1800, a 
concerted system of oljservations was made upon Vic- 
toria, Iris, and 8a])pho by .Dr. (HU, now the Astronomer 
lioyal at the Cai)e of (rood Hope; Dr. Elkin, of the 
Yale College Cljservatory (whic.h possesses a lino lioli- 
omotor, an exact mate of Dr. dill’s, and the only one 
in the United States), and two or three German ob- 
Borvers with smaller iustrmnonts. The results are very 
satisfactory, ranging from 8‘700" to 8*825", the mean 
being S’SOY", with a probable error of only 0*000". 

So far as can be judged from the details thus far 
published, this determination must bo conceded the pre- 
cedence over all othora in respect to its probable freedom 
from' constant aiid systematic errors, and from theoret- 
ical diniculties. 

In observations of this sort upon iMars or the aster- 
oids, the position and diaplacoment of the jdanct, as 
soon from dilforont stations, aro determinod by com- 
paring it with noighboring stars. Whou Venus, how- 
ovor, is nearest us, she can be observed only by day, so 
that in her caso star comparisons are as a general thing 
out of tho question. But occasionally at her inferior 
conjunction sho passes directly across tho disk of the 
sun, tlio piionomonon being known as a “transit.” 
Tlieso transits aro very rare, coming (at present) in 
pairs, tho two transits which constitute a pair being 
separated by an interval of eight years, while between 
tho pairs thomsolvos there is an interval of oltlior one 
hundred and thirty or one hundred and thirteen years. 
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They occur either in Juno or December, and thuB fur 
there have been six Binco the invention of the tcloscopu ; 
viz., in December, 1631 and 1630; in Juno, lYOl an<l 
1'769 ; and in December, 1871 and 1882, the next pair 
being due in June, 2001 and 2012. 

On those occasions the parallactic displacement of 
the planet as seen from diiforent stations can ho deler- 
mined by making any such observatitms as will onahhs 
the computer to ascertain accumtoly I\er apparent dis- 
tance and direction from the sun’s center at somo given 
momont. 

Gregory in 1663 first pointed out the utility of Hindi 
observations for aacertaunug the parallax, but it wuh 
not until some fifteen years later that the subjecst was 
fairly brought to the attention of astronomers by lint* 
ley, who discussed the matter thoroughly, and sliownd 
how the problem might bo solved with accuracy by 
observations such as wore pvacticablo evon with tho 
instruments and knowledge then at command. 

From that time for fully two luindrcd years it wnu 
the almost universal opinion of astronomers thid. m» 
other method could rival this as a means of dotermiiiiiig 
the distance of tho sun. 

The transits of 1761 and 1700 were observed in nil 
accoBSible quarters of the globe by expeditions seiil; out, 
by the different govornments. From dilforont suU nf 
these observations variously combined by dilTercnt imiuu 
putorsj values of tho solar parallax were olitained raiiglnja, 
all the way from to 9'2'’'. A goiioval disoussiiin nf 
all the material afforded by tho two transitB was lirsl 
made by Encko in 1822, and ho obtained, as tho hiohI. 
probable result, the value 8’6770^', which from that liini> 
for more than thirty years was accepted by all anitroiKt-' 
mers as tho host attainable approximation to the truth. 
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In 1851- Hanson, in pnblisliing some of his results 
rospccliiig iho motion of tlui moon, anno\incecl that. 
Kncko’s valiio of tlio solar ])arallax could not be recon- 
ciled with his investigations ; within the next six or seven 
your.s Hcvoml indopendent researches by other astrono' 
mors (sonlirnied his eoiudiisions ; and the moro recent 
reiiomputations by Powalhy, Stone, Faye, and others, 
si low that the errors of ohsorvutioii were so consiclerahlc 
in I7()b that nolliing mure can he fairly deduced from 
that transit than that the solar parallax is probably 
somewhere between and S'O". 

'I’he method of observation then used consisted sim- 
ply in noting the moment when the liinl) of the planet 
came in eon tact with that of the sun — an observation 
which is attended with much more diHiculty and micer- 
tainty tlian would at hast be supposed. Tlic difficul- 
ties depend in part upon the imperfections of optical 
instruments and the human eye, partly upon the essen- 
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titil nature of light, leading to what is known as diffrac- 
tion, and partly upon the action of the planet’s atm os- 
])hore, The two first-named causes produce wliat is 
called irradiation, and operate to make the apparent 
(lianietor of the planet, ns seen on the solar disk, srnalh 
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01 ’ tlian it really is — smallor, too, by an amount which 
vavies with the size of tho toloscopo, the poi’fc(jtion of 
its lonaos, and tlic tint and brightness of tho sun’s imago. 
The odgo of tlie idanet’s imago is also rcndoi’od slightly 
hazy and indistinct. 

The planet’s atmosphere also causes its disk to ho 
suri'oundcd by a narrow ring of light, which bocionum 
visible long before the ])hinet touches tho sun, and at 
tho inomonb of intornul ctmtact produces an appearance 
of which the accompanying ligure is intoiulcd to give 
an idea, though on an exaggerated scale. Tho planet 
moves so slowly as to occupy more than twenty minutes 
in oroBsiug tho snn's limb ; so that, ovon if the planet’s 
edge wore perfectly sharp and dorinito, and the sun’s 
limb undistorted, it would ho very diillcult to dotor- 
inino tho precise second at which contact occurs ; but as 
things are, observers with proeisely similar tulos(‘,oj)OK, 
and side by side, often diHor from each otlu'r live or 
six seconds ; and where tho telescopes are not similar 
tho dillorGiiccs and uncertainties are nuudi gr(!utor. 
Tho extent of tho dillicully can he judged oE by the 
simple fact that, from tho wdiolc mass of con tact uhsor- 
vations obtained in by the dilToront llrilish ])uvlioB 
which observed the transit, tliree dilTeront values of tho 
solar parallax have boon deduced by dilToront computcu's, 
viz., ti»o ofUcial value 8 ’7 O’’ by Airy, 8' 8 1'' by Tu})man, 
and 8’88''' hy Stone. These (lifToroneos depend mainly 
upon tho difToront interpretations given to tho do- 
Bcripj;ion of phenomena noted by tho ol)sorvors in the 
field. 

In 1882 things wore perhaps a little better, as many 
of tho observoi’s had tho henoht of expericiiic.ei in 1874. 
Profoesor Nowcomh deduces from all the ohsei'vuiiona 
of internal contact in tho two transits a solar parallax 
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0 P 8*'7'r()" i ()'U23'''. Eut many of the soveral hmidml 
obHorvalions woro sei-iously discordant. 

I 111) diniculties of the case wero fully realized at the 
iiiue wiieii X) reparations wore making for the observa- 
tion of the transit of and nstvonomers we re dis- 

j)t)Ht3(l to put inoro reliance upon micro me trie and plio- 
tograpliic methods, which are free from these jmeuliar 
(lillicultios, though of course beset ^Yith others, which, 
however, it was hoped ’would prove less formidable. 

All the mnuorous expeditious, therefore, which were 
sent out hy the various governments to observe the 
triuisitH of ISTiL and 1882 were equip^ied to use one or 
botli these methods. 

All the eight German parties, two or three of the 
liussian parties, one English, and ono Eclgian party 
wore provided with heliomcters, and busied them selves 
during the transit with measuring the distance of the 
planet from the edge of the sun’s disk. The results of 
the German observations have boon fully worked ont 
and ^uiblishcd, Erom the four hundred and forty-six 
diJTorent measures Auwors cleduceB a Bolar xmrallax of 
H'8Y8" d: O'dlO'^ ; tho value is surx)ri singly large, hut the 
iiiaguitndo of its probable error indicates that the obser- 
vations (lid not agreo vei'y closely. 

'!l'ho Americans and French x^laced their main reli- 
ance upon the xihotographie method, wdiilo tho English 
and Gormans also jirovided for its nso to a certain 
ox tout, The great advantage of this method is that 
it makes it possible to perform the necessary measrire- 
ments, ux^on whoso acciiraGy everything depends, at 
knsuro after tho transit, witliont hurry, and with all 
X^ossiblo precautions. The ilcld-work consists morolyin 
obtaining as many and as good pictures as xoossible. A 
principal objection to the method lies in the difficulty 
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of obtaining good’ pictures — i. c., pictures free from diw- 
tortion, and so distinct and sharp as to bear high inug- 
iiif^ing poorer in the microBcopic ni)paratus used for 
their measuroniGiit. A most Bcrions diflioulty, uuiri'- 
ovor, is involved in tho acenraLo determination of the 
scale of the picture — that is, of tlio number of socuhhIh 
of arc corresponding to a linear inch upon the jilulo. 
Besides this, we must know the exact Clreonwich (Inic 
at whicli each picture is taken, and it is also extrinnidy 
desirable that oi^ientaUon of the picture should Im 
accurately determined — that is, the north and south, oiu*(- 
and west points of tho solar imago on thofiniRhed }t1at;n. 
Thoro has boon a good deal of anxiety lest th(5 imago, 
however accurate and sharp wlicn livsL producHid, HlH)uld 
alter in course of time tlirougli the contraction of tlio 
collodion or gelatine film on the glass plate, bui tho ('x 
porimonta of Kutherfurd, Huggins, and 'Paschen noum 
to show that this danger is imaginary. 

Tho uncertainty of our present knowledge of llu* 
snida parallax is, however, so Bumll that wo can ln>pn !» 
improve it only by moans of photographs that uro 
almost absolutely perfect. IJnlosB the picture is so ilis 
tinot and free from distortion that the relative jmsilhniK 
of Ygiuis and tbo sun’s center can be dotermhuMl from 
it on the fouiMnclulisk within of an inch tho pluli* 
is practically worthless. 

But it is to bo noted that any more onlargomont or 
diminution of tho diameter of sun or planet Avill do no 
harm, provided it is alike all around the circumfcn'mii'o 
of the disk, since tho moasuroment is not from Urn odgn 
of Tonus to the edge of tho snn, but between thodr ttt ft 
tere. Fliotographio flctorminatlons of oontaol^ on I ho. 
contrary (such as Janssou and some of tbo English }tar* 
ties attempted by a peculiar and complicated a])|)aralus). 
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are afCeeted with all the uncortaiiities of the old-fash- 
ioned observations of the eye alone, and with others in 
addition; so that, astronoinieally considered, they are 
entirely worthless, although interesting from a chemical 
and physical point of view. 

In 187*1 two essentially different lines of proceeding 
were ad()]ited in the photographic observations. The 
English and Germans attached a camera to the eye- 
end of an ordinary telescope, which was pointed directly 
at the sun ; the image formed at the focus of the tele- 
scope was enlarged to the proper size by a combination 
of lenses in the camera ; and a small plate of glass ruled 
witli squares was placed at the focus of the telescope 
and photographed with the sun’s imago, furnishing a 
set of rofcronco-lincs, which give the means of detecting 
and allo^vijig for any distortion caused by the enlarging 


lenses. 

Tlio Americans and Erench, on the other hand, pre- 
ferred to make the picture of full size, without the in- 
tervention of any enlarging lens: as this requires an 
object-glass with a focal length of thirty or forty feet, 
which could not be easily pointed at the sun, a plan 
proposed first by M, laussedat, bnt also independently 
by our own Professor 'Winlock, was adopted. The tele- 
flcopo is placed horizontal, and the rays are reflected into 
the object-glass by a piano mirror suitably mounted. 
The Fronch used mirrors of silvered glass, and took 
tlieir pictures (about two and a half inches in diame- 
ter) by the old daguerreotype process on silvered plates 
of copper, in order to avoid the risk of collodion- con- 
traction. "VFith the silvered mirror the time of expo- 
sure is so short that no clock-work is required. The 
Americans used unsil/oerccl mirrors, to obviate any dis- 
torting notion of the sun’s rays upon the form of the 
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mirror. This, of course, made tlio light fooblor and 
tlio tirno of exposuro longer, so that a clock-work move- 
ment of tho mirror was needed to keep the imago from 
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changing its place on tho plate during tho exposure, 
wliioh, however, never exceeded half a second. Fig. 
B, taken from tho author’s “General Astronomy” by 
poi'inissioii of the publishers, gives an idea of tho ar- 
rangement. Tho pier that carries tho plate was in a 
darkened room, into which the rays from tho mirror 
wore admitted by a sliding shutter. 

In 18T4: tho American pictures wore taken by tho 
ordiimry wot process on glass, and wore about four 
inohos in diameter. In a gelatine emulsion pro- 
cess was used. Just in front of tho sensitive plate, at a 
distance of about one eighth of an inch, was placed a 
reticle, or a plate of glass ruled in squares, and between 
this and the collodion-pinto hung a fine silver wire sus- 
pending a plumb-hob. Thus tho finished negative was 
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mai'lced into squares, and also boro the image of the 
plumb-line, wbicli indioatod ])recisQly the direction of 
tho vortioal. The Americans also placed the photo- 
graphio telescope exactly in line with a meridian instru- 
ment, and BO determined, with tbo extremest precision, 
the direction in which it was pointed. Knowing this, 
and tho time at which any picture was taken, it becomes 
possible, with the liolp of the plumb-line image, to de- 
tormiiio precisely the orientation of the picture — an ad 
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vantage possessed by the American pictures alone, and 
making their value nearly twice as great as otherwise it 
would have been. 

Tbo above figure is a representation of one of the 
American photographs reduced about one half. Kis 
tbo image of V^onus, which on the actual plate is about 
ono seventh of an inch in diameter ; a a' is the image 
of tho plumb-line. Tho center of the reticle is marked 
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by tlvD little cross, and the word “ China,” written <in 
the roticle-plate with a diuinond — and, of eonrse, copied 
on the photograph — indicates that it is one of the '1‘ehiiig 
pictnres. Its number in the series is given in the rig] it 
hand upper corner. About 90 such pictures were iil>- 
tained at I^cldTig during the transit, and about 350 it( 
all tho eight American stations, the work being miudi 
interfered with by nnfavorablo weather ut must of thmii 
If we add those obtained by tho French, (ku'maim, nml 
English, the total number available reaches nearly 
according to the best estimates, 

After the pictures are made and safely brongbl 
home, they have next to bo measured — i. c,, the dih 
tance (and in tho American jheturos the dircGlion ulsu) 
between tho center of Tonus and the center of the siiii 
must bo determined in each picture. This is an extau'd* 
ingly delicate and tedious operation, rendered more dif 
hcnlt by tho fact that tho imago of the snn is iievei’ 
truly circular, but, oven supposing the instrument tu hi* 
perfect in all its adjustments, is soniewhat distorted by 
the effect of atmosphoric refraction ; so that tho ( rnt* 
position of tho sun’s center with reference to tho s<]imn's 
of the reticle is determined only by an intriento calc.ulii 
tion from moasnremonts made with a mici’oscopic, up 
paratuB on n great number of points suitably (diosen on 
the nirenmforeneo of tho imago, The final rosidt <if I bo 
mcasnreinent conies out fiomethingin tliisform ; Fekiiig. 
No. 82. Time, IT'’ OS'" 20' 2' ({Ti'oenwich mean tlnu?) ; 
Venus north of sun’s center, V35'!12" ; oast of cuiilor, 
441'03" ; diataneo from center of sun, (Tim 

numbers given are only imaginary.) 

In 1882 less prominence was given to photograjdtn.' 
operations by most of tho Govornmont expeditions, siimi* 
tho rosulta of tho work in 1874,80 far as then published, 
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wore not vury baLisfactovy. The American parties, 
Imwcvov, iulliercd to tho same apparatus and metliods as 
ill lS7‘i-, except that the collodion process was replaced 
hy ail cnuilsion. Koarly J,5U() idiotograplis were ob- 
lainntl. From the whole system of American photo- 
gnqdm Professor Kewcomb deduces a solar parallax of 
A: O’OK)^'’. '^riie measures of distance alone give 
tS-HtiT'', but those of jmition-aiKjles g[\yvi 8'873" in 1874:, 
uml H’772" in 18S1J. 

The discordances between the results from different 
platOH, made within a few minutes of each other, show 
(bat there is something wrong with the method. The 
moat probable explanation is perhaps to be found in the 
dintortiona suite red by tho idano mirror of the apparatus 
nmlei* ohanges of jtositioii and temperature. 

I'h’om the French daguorreotyjiea of 1874: a paral- 
lax of 8'80'' A: dim" was deduced by Obrccht. 

Tho Knglish pholographs of 1874: proved of little 
viihiG. They were measured by two diiferent persons, 
and from the measurements of one (Mr. Burton) a par- 
allax of 8'‘2r)" was deduced, while from those of the 
otlmr (Oaptain Tupman) the result was S*fl8''. One of 
the in'incipal difliculties evidently lay in the uncertainty 
of tho Hcale-valuo, whi(5h was only deduced from the di- 
ll motor r of tho sun and jilanet. 

On (ho whole, it may bo talccn as certain thali^bere- 
aftor I; ran sits of Venus will not bo considered of such 
HU]*rmne importance as in the ])ast. Other less costly 
oponvUons will give hotler results for the solar parallax. 

'^ITie methods numbered 1, 5, and (1, on page 16, 
arc UHually classed together as “ (jravitaUonal,'^ since 
tlioy depend on calculations which are founded on the 
law of gravitation, One of tho best of them is based 
upon the careful observation of the motions of the 
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niQoii. Tim first husjikiiun us tu Llm uorrctMimRa of [hn 
then I’cceirocl distunoo of Uio bum was nilsud in IBH l Uy 
lltinseu’s annonncGincnf, that the moon’s i)aj’!illa(itut in- 
ecjnality led to a sinnllci' vahio than that deduced from 
the transit of Yen us — a c(melnpion oorroborate.d hy 
Teverricr four jeara later, from the so-called lunar 
equation of the sun’s motion, ft seems at first sir'll 
strange, but it is true, as Laplace long sinee pointed ont^ 
that the akillful astroiiumor, by merely watehing (lui 
inovonioiita of onr satellite, and without leaving Ids oli. 
fiorvatory, can obtain the solution of problems whic.h, 
attacked by other methods, require tedious and exjum- 
sivG expeditions to mnoto corners of the earth. Our 
scope and object do not require us to enter into del nil 
respecting this lunar method of Unding the sun's paral- 
lax; it must siihice to say that the disturbing action t»f 
the sim makes the interval from new moon to the 11 rat 
quarter about eiglit minutes longer than that from llu' 
quarter to full ; and tins difterenec depends upon llu* 
ratio letioeejh the diawHcr of ihe vioon\'i orh'd and I he 
dutmice of the mm in such a numiier that, if the in- 
equality is accurately observed, the ratio can be cul- 
culatcd. Since we know the distance of the moon, thin 
will give that of the sun. The results olituiiied in tliia 
way, according to the most recent investigations, a)i 
pear to fix the solar parallax between 8‘7(lY^'and 
hTowcomb assigns 8'79T' as the weiglitod mean. 

!13ut tlm inotliocl liy wbich uUimaloly we shall oblaiii 
the most acc-nrato dotorinlnation of tlio dimensions r^f 
our system is that proposed by Levorrier, depending; 
upon tlio secular pertmhations produced by tlio carlli 
upon her neighboring planets; especially in causing tbi* 
motions of their nodes and pcribelia. These molbtiia 
avo very slow, but coniinuom , and lienco, as linns goon 
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on, they will become known with cvor-incveasin^ accu- 
racy. If they were humn with dbsokde precidon^ they 
would enable ns to eompute^ with absol/uie 2^'f'OGi8ion 
ahOi the vaiio between the ^masses of the sun ct/nd earthy 
and from this ratio we can calculate* the distance of 
tlic sun by either of two or three diiferent methods. 

As matters stand at present, the majority of astrono- 
mers would probably consider that these secular pertur- 
bation b are not yet known with an exactness suffleient 
to render this method superior to the others that have 
been named — perhaps as yet not even their rival, Le- 
verrior, on the other hand, himself put such confidence 
in it that he declined to sanction or co-operate in the 
operations for observing the recent transit of Yenus, 
considering all labor and expense in that direction as 
merely so much waste. 

Hut, ho'wover the caRo may be now, there is no 
question tlmfc as time goes on, and our knowledge of 
the planetary motions becomes more minutely precise, 
this method will become continually and cumulatively 
more exact, until finally, and not many centuries hence, 
it will sujiorsodo all the others that have been described. 


* Ono moUiocl of proocctling Ib ns follows : Iiot M bo tbo innss of lUo 
snn nnd cnrlii iinilcd, niid m ibnl of tho cinrlh mid moon ; lot 11 bo tlic 
dlstanco of Iho min from llio cnrlb, nnd v tlmt of tbo moon; finally, lot 
T bo Iho niitnboi’ of days In a sidereal yoar, and t llic immboi’ in a side- 
real month. Tlion, by olomoiitary astronomy— 


M 


Ip 


whonco 




or, In wordn, iha aibo of (ht sh J i’s dislanrc equals llic cube of llic moou^t 
dktnnce^ mnUifdicd bi/ iho square of (he number of sidereal monlhs in a 
l/enr, and hif tho ratio between the masses of the sun and earth. It is to bo 
noted, bowevor, that T niul I nro tlio poriods tho cartli and moon, as 
they would 3 >q if wholly imOlsturbcd In thoir motions, nnd honco dUl'or 
slightly from Uio poriods actually obsorvod — the dilTeroncos arc email, 
but Bomowhat troublosomo to cnlouluic with iircolsion, 

4 



Tho pamUax of tho sun dotei’mined by Lcvcrrior in 
this motliod, in 1872, «aino out 8*80". 

Professor Kewooinb, as tlic result of hie recent ex- 
lianstivo roaearclieB upon the subject, gels 8*750" i 
0 * 010 ". 

The last of the methods mentioned in the syuopsiw 
given on pages 15 and L(i is interesting as an example of 
tho manner in which the sciences are nnitually connected 
and dopendont, Ilefovo tho exporiinonts of Pizeau in 
1849, and of Foucault a few years later, oiir knowledge 
of tho velocity of light depended on our knowledge of 
tho dirnonsions of tho earth’s orbit. It had boon fouml 
by astronoinicarobBorvatiuns ujion tho eclipses of Jupi- 
ter’s satellites that light occupied a little more than six- 
teen minutes iu croBBing tho orbit of tho earth, or about 
eight minutes in coming from tho sun ; and hence, 
supposing tlio sun’s distance to be 95,000,000 luilos, uh 
was long believed, the velocity of light must bo al){)nt 
192,000 miioB per ficcond. Thus optics was indcl)ted to 
astronomy for this fundamental elcmout. Put when 
Foucault in 18G2 announced that, according to his un- 
quGBtionably accuralo experitnents, tlio velocity of light 
could not bo much more than 1 80,000 miles per second, 
tlm obligation was returned, and the suspicions as Co 
the rocoivod value of the sun’s parallax, winch had luuuv 
raised by tho lunar resoavchos of Hanson and Loverrier, 
wero eliangod into certainty, 

Tho moat accurate detorminalions of tho velocity of 
light have been made in tins country by IVricbelson and 
Nowcoinb, botvveon 1870 and 1888, and give as tlui ro- 
snlt 180,327 miles, with a probable error not exceeding 
twenty miles. 

From this wo can derive the distance of tho sun di- 
rectly by merely multiply hig it by tho “ nm-fitant of tho 
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CQUdiion (if winch is siinply the nuinbor of seconds 
required by light to travel from the sun to the earth. 
This “constant” is determined by observation upon the 
eclipses of Jupiter’s satellites, and is almost certainly 
very near JDO seconds, though still doubtful by a fj*ac- 
tion of a second. This would give 92,977,000 miles for 
the sun’s distance, corresponding to a parallax of about 
8‘79^^ Inuring the lust twelve or fifteen years continu- 
ous series of oliscrvations have boon iu progress by now 
])hotoinetric methods both at Cambridge (U. S.) and 
Paris, and when their result is published wo shall un- 
doubtedly have a much more accurate value of the light- 
equation. 

The velocity of light maybe utilized in another way 
to solve the problem, by combining it with the so-called 
“ constant of dberi'aiion^'' This “ aberration constant” 
is deduced from observations upon the fixed stars, and 
almost certainly lies somewhere between 20’-15" and 
20‘r)5", corresponding to parallaxes of 8 '81" and S’W. 
Its determination, howovoj*, is somewhat embarrassed hy 
tho newly discovered “ variation of latitude,” and it is 
expected that new determinations, in which this varia- 
tion is duly oli initiated or taken into account, will give 
a mucli more acenrato value of the aliorration. 

Tho on|ly difllonlty with these two methods lies in 
tho theoretical question whether we can safely assume 
that in in ter planetary space tho velocity of light is 
iiloulical with that determined hy experiments made at 
tho surface of the earth, oven after all known cori’cctions 
for tho density of tho air, etc., have boon applied. 

Admitting it, there can hardly bo a doulit that this 
^^jf)hysioal molhodf as it is often called, outranks all 
others for tho present as a means of determining the 
distance of tho smi ; and the reader’s attention is called 
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to the fact that it gives directly the distanoe of the sun, 
aud only indirectly. It docs not doixjiul 

at all upon OTir measures of the dimensions or gravita- 
tional attraction of the earth. 

Collecting all tlio evidence at present attainable, it 
would BGcm that the solar parallax can not differ iinudi 
from 8*80'*^, though it may be as much as 0*01" greater or 
smaller ; this would correspond, as has already been said, 
to a distance of 92,892,000 miles, with a probable error 
of about one eighth of one per cent., or 120,000 inilcH.* 

But, though the distance can easily bo stated in lig- 
uros, it is not possible to give any real idea of a Hpju.M) 
80 enormous j it is quite beyond our power of coiuu!])* 
tion. If one wore to try to Avalk such a distauce, sup- 
posing that he could walk 4. miles an hour, and keo)» it 
up for 10 hours every day, it would lake 68^ years to 

• Tho oseiUatioTiis of aclontiflo opinion aa to tho value of this coiiHlnuL 
bavo boon vory ouriowa. Early In tbo century Laplaco, In tlio “ M6cnn{i|iiu 
Ofileato,” adopted the vnltic 8’81* given by tho llrat tllaonaalon of tho trail- 
sUa of Venue In lV61-*68 j but other natronoinora, Dclambve, for Inatnnco, 
proposed a smallor value. Encko, as has boon said boforo, made a iimv 
and tbo rough dlsoussion of tbese transila in 1822~*2d, and deduced tha 
valwo S'SS", which hold tho ground for nearly forty ycara, About 18fli» 
tho I'OBCarohcs of Ilnnacii, Lovorrlor, and SUmo wore thought to liavi' 
oatnblUhcd n value cxcoccHng S'OO", and tho “ llritlah Nantlcal Alinnnnc " 
usod S’CS" until tho isBUO for 1882, In 18Q7 Nowcoinb publlahod a euro- 
ful investigation, based upon all tho data thon known, and dcduccil ihu 
value 8 ■848*, Lovorricr, In 18'72, found 8'80* from tho planulnry per- 
turbations, Tho ^'Aincrloan Epbemorls,” “ DrUiah Nautical AlninniU’,^'' 
and Uio Borlln “ Jahrbiich” nao Newcomb’s value, and tho Eronoh “ (hui- 
nalsBimco do Temps” employ a Lover rior’a. It appears, however, por* 
fcotly certain, from tho work of Ibo last fewyoava, that the flgurcs 
given In the text are much nearer to tbo truth, Nowcomb, In Ids ” A ntro 
nomlcal Const ants” (January, 1896) gives, ns tho flnal value based iiiuni 
all available data, 8’TO'?* ± O'OOd, Ilarkncaa, in bis “ Solar Parallax nuil 
Ita related Oonstanls,” dctluoes as the result of a most oxhanstlvo cU«* 
ouaslon 8*809* db O'OOfl. ' 
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make a single million of miles, and more tlian 6,300 
years to traverse the whole. 

If some celestial railway conkl bo imagined, the 
journey to the sun, oven if our trains ran 60 miles an 
liour, day and niglit and Avithout a stop, would rccpiire 
over 1Y5 years. Sensation, even, would not travel so 
far in a human lifetime. To borrow the curious illns- 
tratiou of Professor Mendenhall, if wo could imagine 
an infant witli an arm long enough to enable him to 
touch the aim and burn himself, ho would die of old 
age before the pain could reach him, since, according 
to the experiments of Helmholtz and others, a nervous 
shock is communicated only at the rate of about 100 
feet per second, or 1,63Y miles a day, and would need 
more than 150 years to make tlio journey, Sound 
would do it in about Id years if it could bo transmitted 
through celestial space, and a cannon-ball in about 0, if 
it were to move uniformly Avith the same speed as Avhen 
it left the muzzle of the gun. If the earth could be 
suddenly stopped in her orbit, and alloAvod to fall unob- 
structed toAvard the sun under the accelerating inlluoneo 
of his attraction, she Avould reach tho eontor in about 
two months. I bavo said if she could bo stopped, but 
such is the compass of her orbit that, to make its circuit 
in a year, she has to move nearly 19 miles a second, or 
more than fifty times faster than tho Bwiflest rifle-hall ; 
and in moving 20 miles her path deviates from perfect 
straightness by loss than one eighth of an inch, And 
yet, over all tho circumfercnco of this tremondons orbit, 
the sun exorcises bis dominion, and every pulsation of 
bis surface rceoivos its response from the sul)ject earth. 

By observing tho slight changes in tho sun’s ap-' 
parent diameter, wo find that its distance varies some- 
what at diftoront times of tho year, about 3,000,000 
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miles ill all; and minuto investigation siiows that tliu 
earth’s orbit is almost an exact ellipse, whoso iiearesi 
point to the sun, or jtenlieliony is passed hy the oarih 
about the Jstof January, at which time she 18 01,385,0(10 
miles distant. 

The distanco of the snn being once hnown, its di- 
inGnsioiiB arc easily ascerlained— at least, within certain 
narrow limits of accuracy. The angular Bonu-diameti'i* 
of the snn when at tho nioan distanco is almost oxaiUly 
002", (ho uncertainty not oxceoding j-jiVir wlmhi. 
Tim result of twelve years’ observations at Crreonwicli 
(1836 to 181 7) gives 961*82", and other dotornuiuitioim 
oscillate around tho value (imt moiitionoil, which is (luil. 
adopted in tho “ American Kantical Ahnaniie.” Taking 
the distanco as 92,885,000 miles,' this makes the huh'h 
diameter 860,100 ; and the probable error of this (pmin 
tity, depontUng as it does both on tho error of iho moas 
lived diameter and of the distance, is some 1,0(10 «»r 
6,000 miles ; in other words, tlio chances are strong 1.1 ml 
the actual diameter iB between 860,000 and 870,000 
miles, 

Moasuroinoats made by tho same person, however, 
and with Uie same instrument, hut at dilToront UnuM, 
sometimes dilfer enough to raise a snsjncion that the 
diamotov is slightly variable, whioh would bo nolhiiig 
surprising considering tho nature of tho solar nur- 
face. 

Thoro is no sensible dilforonoo between tho oqim* 
torial and polar cliamotors, the rotation of Iho sun on Hu 
axis not being millicicnUy rapid to make tho polar cniin 
prosfiion (which must, of course, necessarily result from 
the rotation) marked enough to bo perceived by our 
proBonfc moans of observation. 

It is not easy to obtain any real conception of tho 
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vftstness of this onormoiis sphero. Its diawetoi* is 109*5 
tiinos that of Lho earth, and its oireuiiiforeiieo propor- 
tio]\al ; BO that tlie travehiv who euuUl make tho circniit 
of the world in 80 (lays woold need nearly 21 years 
for Ills journey around the sun. ISiuue the surfaces of 
sphei’es vary as the B(juaros, and hulks as the cubes, of 
their diaineters, it follows that tlie sinds Hiirface is near- 
ly 12,000 times, and its volume, or bulk, more than 
1,300,000 limes, greater than that of the earth. If the 
earth ho represented by one of tlie little three-inch 
globes common in school apparatus, Llic sun on the sumo 
scale will ho more than 27 f(iet in diameter, and its dis- 
tance nearly 3,000 feet. Imagine the siiii to ho hol- 
lowed out and tho earth placed in tho center of the 
shell thus formed, it would bo like a sky to us, and tho 
moon would have sc.ope for all her motions far within 
the inclosing surface ; indeed, since she is only 210,000 
miles away, while the sun’s radius is more than 130,000, 
tliere would be room for a second saiellile 190,000 miles 
beyond lior. 

Tlie mnfis of the sun, or quantity of mattov con- 
tained in it, can also !)e computed when avo knoAV its 
distance, and comes out nearly 330,000 times as great 
as the oartli, Tlie calculation may he made cither hy 
inoauB of tho projiortion givon in tho note to page 33, or 
hy comparing the attracting force of the sun upon tho 
earth, as indicated hy tho curvature of lier orbit (about 
0*1 1 0 inch por second), with tho distance a body at tho 
surface of the earth falls in the same time under the 
action of gravity, a quantity Avliich has boon determined 
Avith groat accuracy hy experiments with the pendulum. 
Of coiu’se, tho fact that tho sun produces its clTcct upon 
tiio earth at a diatance of 93,000,000 miles, Avhilo a fall- 
ing body ftt tho lovol of tho sea is only abo\it 4,000 
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miles from the center of the attraction which prodm^cH 
its motion, mnst also enter into the reckoning.'’^ 

This mass, if wo express it in pounds or ions, is too 
enorinoLiB to be eoneoived ; it is Octillio ns of tons- -- 
that is, 2 wLlh--2I-.d]lLi oi'fl a nnexed ; it isTn early 750 
times as great as the comhiued masses of all the plaiudn 
and satellites of the solar system — and Jnpltcr nlono in 
more than 3d0 times as massive as the earth. The sun'n 
attractive power is such that it dominates all sinaxmnd- 
ing Bpaco, even to the iixed stars, so that a body at (ho 
distance of our nearest stellar neighbor, a Ctjutiiuri, 
wliich is more than 200,000 times remoter than the smi, 
could free itself from the solar attraction only by dui*!.- 
ing away with a velocity of more than 300 feet per «n(s 
ond, or over 200 miles an hour; unless animated l>y a 
greater velocity than this, it would move around thc^ 
sun in a closed orbit — an ellipse of some shape, or a 
circle — with a period of revolution which, in the snmlluHl; 
possible orbit, would be about 31,000,000 years, and if 
the orbit wore circular, would be nearly iK), 000, 000. 
Wc say it would revolve thus — that is, of course, unhiHrt 


* Tlie cfilciiktlon of tlio Rim’s intiHS, from llio ilfitti rIvoh, iii'ocoimIk nfl 
folio w8 ! Let M llio sun’s mnas, nml vi llmt of llio cfirth ; 11=: tin* lUel 
Innco from tho eavtli to Iho sun, niid r tho mean rndlnR of tlio oarlli ; T, 
the lengtli of tho stilcii’eal year, reduced to Hcconcls ; and g tlio ilis(iui<;a 
a liody falls In a second at tho earth’s: Rurfaco. Now, tho dlBliincu lliii 
onrtli falls toward tho sun tn a sccoiul, or tho ourvatm'O of her orbit lu ft 

Bccond, is otiunl to (about OUIO inch). Honco, by tho kw of Ri'iivlln- 


, , 27r»R m 


~ whonco, M = m 



In this formula niako irs=8'llie0; R, 02,000,000 intlcR} T ft!,- 
fi68,140‘3 Boconds; )' = 8,0f)8'2 mlloa; and O'OflClORS mllo CKUIIK 
foot), ami wo shall got tho result given in the text, viz., M s= 380,000 m 
(nearly), 
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intorcopted or diverted from its course by the influence of 
some other sun, as it probably would bo. And we may 
notice hero that in many cases certainly, and in most 
cases probably, the stars are flying through space at a far 
swifter rate, with velocities of many miles per second. 

As for the attraction between the sun and earth, it 
amounts to thirty-six Imiidred quadrillions o f tons : in 
figures, fiO foll ow ed by seventeen ciphers . On this 
])oint we borrow an impressive illustration from a care- 
ful calculation by Mr. 0. B. "Warring. We may imagine 
gravitation to cease, and to be replaced by a material 
bond of some sort, holding the earth to the sun and 
Icooping her in her orbit. If now wo suppose this con- 
nection to consist of a web of steel wires, each as large 
as tho heaviest telegraph-wires used (No. 4), then to 
replace tho sun’s attraction these wires would have to 
cover tho whole sunward hemisphere of our globe about 
as thickly as blades of grass upon a lawn. It would re- 
quire nme to each square inch. Putting it a little dif- 
ferently, tho attraction between the sun and earth is I 
equal to tho breaking strain of a steel rod about 3,000 \ 
miles in diameter. 

If wo calculate the foreo of gravity at the sun’s sur- 
face, which is easily done by dividing its mass', 330,000, 
by tho square of 109^ (the number of times the sun’s 
diameter exceeds tho earth’s), wo find it to be 27i times 
as groat as on tho earth ; a man who on the earth would 
weigh 160 pounds, would there weigh nearly two tons ; 
and, even if tho footing were good, would be unable to 
stir. A body which at the earth falls a little more than 
16 foot in a second would there fall 443. A pendulum 
which hero swings once a second would there oscillate 
more than five times as rapidly, like the balance-wheel 
of a watch — quivering rather than swinging. 
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Since the aim’s volume is 1,1300,000 times that of the 
cartK, ^vhilo its niasa is only 330,000 iiinos as <>;rcat, it 
follows at otico that tho sun’s average demity (found by 
dividing tlic mas.s liy the volmuo) is only about one 
guarter that of the earth, Tliis is a huit of the utmost 
impoi'tancc in its betiring upon the constitution of this 
body. As wo shall see liereaftei’, wo know that curtain 
heavy metals, with wkicli wo are familiar on the earth, 
cuter largely into the composition of the sun, so that, 
if the principal portion of the solar mass wore either 
^solul or licpiiil, its mean density ought to be at least as 
groat as the earth’s ^ especially since the oiioriuoiis force 
of solar gravity would tend most powerfully t(j{', empress 
the materials. (The low density can only bo aecounted 
for on the supposition, which seems fairly to accord 
also with nil other ftuits, that the suii is mainly a ball of 

/ gas, or vapor, powerfully condensed, of course, in the 
central portion hy the suporinenmbont weight, but pre- 
vented from liquefaction hy an exceedingly Itigh tem- 
peratuPo.) And, on the other hand, it could bo safely 
predicted on pliysical priueiplcs that so lingo a hall of 
fiery vapor, exposed to tlio cold of space, would present 
precisely such phenomena as wo find hy ohservatioii of 
the solar surfaoo and surroundings. 



oiiAPTra n. 

immoDis and APPAUAnm nod htudyinu tiik subfaqh on 
fnii avN. 

Projection of Holer Iiimgc upim n Hcrcen, — Currhigtou’s Method of de- 
tcrmiiiiiig Iho Posit ion of Objects on Iho Hun’s Suvfnco. — Holer Plio- 
togrnplty. — ^I’hotohcliogruphs.— JeiiHson’s I’hologmplis. — ^TDlcscopo 
witli Silvered Objoct-Gless, — Ilcrsohcl’s Holer Eyepiece. — ^Thc Poler- 
i'/Jiig Eyepiece. 

Titm heat and light ol: tlio Biin arc ro intense that 
peculiar instrnnicntB and methods are JicceRsary for tlio 
observation of his serf ace. The appliances used in the 
study of the moon, planets, and stars will not answer 
at all for solar work. 

A very oxttellont method of proceeding where the 
ohjoct Is to Bccuro a general view of the sun, without 
regard to dolitjato del ail, and to dotormino easily and 
rapidly the positions of spots and other ohjeets on the 
sun’s disk, is to projcc.t his imago upon a sheet of card- 
board hy moans of a ttdttscojio. 

For this pniposo things aro arranged as indicated in 
tho figure. Tho sheet of pajior upon which the imago 
is to ho thrown is supported in front of the eyepiece by 
a light framework attached to tho toloseopo. Tlio dis- 
tance of tho Bcreon from tho oyopioce depends upon tho 
siKO of imago dosiro<l and tho power of tho oycpicco ; a 
diameter of from six inches to a foot .hoing generally 
most convenient. Another screen is usnally fitted on 
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the object-glass end of the telescope to balance the {ivat, 
and shade it from all light except that which has pusHtal 
through the instrument. If the apparatus is to ho used 
to determine the position of spots on the sun, the mir- 
face wlneli receives the imago mnst bo carofiilly ad- 
justed so as to bo perpendicular to the optical axis of 
the telescope. 

Jj’ia. 7, 



j To determine tlie position of objects on tho suti'fl 
/ disk, Carrington used two lines, ruled at right angles lo 
each other upon the screen, and set at an angle of Jihnnl 
4S“ witli the north and south lino or honr-circlo. 'I'lin 
observations needed to determine tho place of a sjint, 
on the sun’s disk then consist merely in noting witli u 
watch as accurately as possible tho four ni onion Is at 
which the edge of the sun’s imago crosses the two tiuu^ 
(the telescopo being, of course, flrmly fixed during tluj 
whole tune), and tho two moments when tho spot piu^ia 
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thorn. Ij'roni theeo six observations, with tho help of 
the data givon in tho almaiino, tho distanco and direc- 
tion of tho spot from tho sun’s center may readily bo 
calculated by forirmlm which would hardly be suited to 
these pages, but which may bo found in the monthly 
notices of tho Iloyal Astronomical Society, vol. xiv, 
page 153. Pig. 8 illustrates this arrangoinont. 


FiO. 8, 



Another method, more convenient as involving no 
calculation, but less accurate, is to use IVIr. A. Thom- 
son’s “Charts for Sun-spot Observations,” which are 
givon in Sir Kobort Ball’s “Atlas of Astronomy” 
(Applotons, Now York). Both these methods require, 
however, tho nso of a tolcscopo equatorially mounted. 
"With an instrument not so mounted,, fairly good results 
may bo obtained by drawing upon the screen a circle 
with a diameter about half that of tho field of view, and 
noting tho instants when tho edge of tho sun becomes 
tangent to the eirclo, and when tho spot crosses it. 

With a small telescope thus iitted np, one is in a 
position to make ohsorvations of real value as to the 
nnmbor, position, and motions of tho solar spots. Oc- 
casionally, also, when tho air happens to ho in good con- 
dition, a considorable amount of detail can bo made out 
by this method in the spots and upon the solar surface 
generally, Tho darkoning of tho edge of tho sun, 
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caused by the absorption of the solnv atmosplioro, in 
very noticeiible, mid tlie faculcs arc conspicuous. 
great advantage of the method is, of course, that several 
persons can thus observe together. A teacher, for in- 
stance, can in tins way exhibit \o a class of a dozen all 
the principal features of the svtn’s surface, and ho sum 
that they all see the things ho desires them io notice. 

Should any amateur hiippoii to find upon tho buii’h 
disk a small, round spot, which he baa reason to think 
is an mtra-Mcrcurial planet, a few observations of the 
sort indicated above, repeated at intervals of some min- 
utes, would settle the (incstion jmnicfliately, and give a 
reasonably accurate dotorminatioii of tbo rate and dirci?- 
tion of inovemont. 

If tho instrument lias an equatorial mounting and 
clockwork, so that the imago ronmins ajiparcntly hIu- 
tionary upon tho screen, a very satisfactory tracing cun 
bo made upon paper ruled in squares, showing pro! I.y 
acouratoly tbo position and inagniUido of all visihlc 
spots, in a form suitable to file away for rcforonco. Tho 
observations of Carrington’s great work upon tbo* solar 
spots were for tho most jiart made in this man nor. 

Of Into years pbotogi’ajiby has been extcnsivoly util- 
ized for observations of this sort. Tlio apparatus cem- 
sists of a telescope fitted with a camera-box in place of 
an cyepioco, and with an aiTangoinont for producing an 
instantaneous exposure of tho soiisitivo plate to tlio 
solar rays. 

Sineo, in tho ordinary achromatic telescope, the rays 
which arc most cffcoUvo in photographic action do not 
come to a focus at tho eamo point as tlioso which moat 
strongly affect tbo eye, sucli an instrument, howovor 
perfect visually, will not give sharp pbotograidnc ini- 
prossions. It is noeossaiy, for the host xdiotographlo 
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results, to uso obj(M5t-gl asses whoso corroctions aro cal- 
culated expressly for the purpose. Mr. Jintherfurd, of 
Kew Yorlcj seems to have hoeu the first to appreciate 
this, and to construct an instrument specially designed 
for astronomical photography, To this end, disdaining 
all com])romiso, he cU<l not liesitato to sacrifice delib- 
erately the visual excellence of an exipiisito object-glass 
of thirteen inches diameter, by altering its curves so as 
to produce the most ])erfuct actinic correction ; and he 
was rewarded by a success until recently unocjnaled as 
regards the perfection of tlio ]ncinrea obtained, Borne 
of his photographs of the sun and moon, obtained about 
18(1(1, rival in sharpness and detail the drawings of ac- 
comidished observers. 

Another and simpler method of obtaining the de- 
sired corrections, originally tried by Mr. Tlntherfm’d 
and rejected as not absolutely the best possible, has 
been revived and used by Oornn, of Paris. It consists, 
not in vegi'inding tlio two lenses which compose the 
object-glass, but merely in separating thorn slightly— 
hidf an inch nr so for an insirmnont of ton-foot focus. 
'The npjiroximato (iovrection, thus produced, gives excel- 
lent results, and the instrument is not spoiled Cor othoi 
worh, since it requires only a few minutes to restore 
the glasses to their visual adjustment, 

In a redeciting telescope there is, of course, no clifR- 
eulty of this sort, since rays of difl’erent wave-length and 
color are not dispersed by renection as by refraction. 
Other and still more serious dlflicultiijs, however, exist, 
depending ii[)on the oxireme sensitiveness of the rodeo- 
tor to the distorting indnence of variation s of tempera- 
ture; so that, hitherto, redcastors have not equaled ro- 
fraiitors in tlie oxc, ell once of their photographic work, 
They have been oriqdeyod with very good success, how- 
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ever, on sovoral occasions for the photography of solai 
eclipses. 

'VV’itli telescopes of considerable size the picture is 
generally formed directly at the focus of the object- 
glass without further enlargement. This is the etmo 
with the pictures made by Mr. Rutlierfuvd, in wliieli 
the diameter of the sun’s image is about If inch. 



Copies of the nogativos are afterward made if dosii'ccl 
on a larger scale. In smaller instruments, such as th« 
well-known jihotoholiograph of the Kow Obsorvatoi‘y, 
an enlarging eyepiece ia used, so constructed as to dls* 
tort as little as possible the image formed by the objeeU 
glass while magnifying it to a diameter of three or four 
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inebos. In this instrument, of which we give a figure, 
the diameter of the object-glass is only 3^ inches, and 
its focal length 50 inches; the tube, instead of being 
conical as usual and larger at the object-end, is made 
pyramidal and larger at the bottom, in order to ac- 
commodate the plate-holder more conveniently. The 
wliolc is mounted equatorially, and driven by clockwork. 

It was constructed in 185Y, under the directions and 
after tho designs of Mr. Do La Eue, and proved itself a 
most ofllciont and excellent instrument. A number of 
other very similar instruments have since been made 
with slight improvements. Those employed by the 
English and Russian parties in their photographic opera- 
tions at tho transit of Yenus in 1874 wore of this type. 
Bo also wore those of the Gorman parties, except that 
they had considerably larger telescopes, with apertures 
of from six to eight inches. Tho photoheliograph now 
used at Greenwich in maintaining tho daily record of 
tho sun’s surface is one of the Transit of Yenus instru- 
ments, liaving a four-inch object-glass, and giving a solar 
imago four inches in diameter. It is mounted equato- 
rially with clockwork. The instruments at Mauritius 
and Dohra Dhu arc similar. More recently Greenwich 
has come into possession of a nine-inch photoheliograph, 
which is used in connection with the other to obtain 
pictures on a larger scale. 

Tlie sunlight is so powerful that the exposure of 
tho plate has to bo made practically instantaneous. ^ Tho 
ap]>aratus by which this is effected varies greatly in de- 
tail in instriimonts of different types, but in all cases 
consists essentially of a slide, carrying in it a slit of 
adjustable width and capable of being shot across in 
front of tho sensitive plate by a strong spring.^ At the 
momont of exposure a trigger or telegraphic key is 
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toiiclied by tlie operator, and the slide, previously d^a^v^\ 
back and locked by suitable mceluinisiu, is released, and 
in its flight allows the rays to gleam tlirough the aptu'- 
turc for a time, which in dillereut instruments varies 
from to of a second, according to the size of 
the instrument, the sensitiveness of the collodion, and 
tl:kD clearness of the atmosphere. 

Wo give a figure of Vogebs exposure-slide, which in 
perhaps as good as any. M is an electro-magnet, which, 
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on the touch of a tclegvapii-koy in the observer’s hand, 
attracts the armature B, thus releasing the catch C), au<\ 
allowing the sirring S, by the intervention of the coni 
and pulley, to draw tlio slide containing the slit A swi 
ly across the orifice through which the rays enter tlii? 
camera. 

The character of the picture produced depomls, very 
greatly upon the proper timing of the exposure. 1 f 
the intention be to sccuro an image of the sun wilVi 
hard, Arm edges from which measurements can bo niatl tf. 
to determine the position of objects on the solar di»k’"««»> 
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as was tliecasG at the transit of Venus — tlicn a relatively 
long exposure is needed ; but it is to be remembered \ 
tbat^tbo diameter of the sun’s image inoreases very per- j 
ccptibly with lengthening exposure, so that this diam- / 
otor can never be safely used to furnish the scale of / 
measuromeut^ If, on the other hand, what is desired 
is a picture lull of detail, showing the faculm and the 
structuro of the spots, the exposure must be greatly 
sliortcnod by narrowing the slit or giving the slide a 
greater velocity ; and it must be added, unfortunately, 
that the oxpo.suro which brings out perfectly the cen- 
tral portions of the disk is altogether too short for the 
portions near the limb, where the actinic-power is very 
greatly diiniuislicd. 

This circumstance detracts considerably from the 
value of the photographic method. The skillful 
draughtsman can show in the same picture details dif- 
fering to any extent in intensity, while the photograph 
is, so to speak, limited to tho reproduction of only one 
certain class of details at a time. Still wo can always 
bo sure that, whatever a photograph does show, is an 
antograpbie representation of fact, and not a figment of 
the imagination. This is not the case wi tli drawings ; for 
it is remarkable how widely two conscientious artists 
willdifior in their representations of ^ the same object, 
soon by both with the same telescope, and under tho 
same circumstances, As an aceuvate record of the num- 
ber, position, and magnitude of the solar spots at any 
given time, the pliotograpb is, of course, unexception- 
able. 

Such a record was maintained by the Kew pboto- 
lioliograpU for fourteen years — from 1868 to 18V2— 
when the work was discontinued. An almost equally 
important sorios of photographs was kept up for many 
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yeavB at "Wilim, in Russia, nnfii tlio burning of the ob* 
Rervatory in 1877. Sinco 1873 Lho Kow Borics has boon 
continued at Greonwicb, at least two ]>ictnrus being 
taken every clay ivlioii the u'oatliev will ])ennifc, and 
rnoi’G than two if' anything of special interest dunnuHla 
it. This Gveenwicli rooord is supplemented by the iu;g~ 
atives taken at Debra in India^ and at MauritiuH. 
Taken together with tlie Greenwich plates, they furniKh 
a pVactically continuous record of tho condition of tlio 
solar surface. At the samo timo thero arc oeciiHinnal 
breaks; wliicli' might be remedied if we bad one or two 
jiliotoheliogvaphs on the American side of the Allan ti(^ 
Of late, Jaiifisen, at the new Frencli physical <ib- 
sorviitory at Mendon, has carried solar ])botogi'apby tu 
a 'point' -far beyond any previons attainment, llu Inia 
aceomplisbod it mainly’' by utilizing the 'fact that ihen’o 
oxisfs in tlio 'spectrum, near the Fraunliofor line (-I, a 
nai'L’ow band of rays which possess a photograjihie ac- 
tivity upon tho'Balts of silver nuich more intense thim 
that of -any other portion of the spectrum. It in «(.> 
intense, indeed, ’that' if the exposure ho very short ami 
properly regulated, the effect is practically the same im 
if tho sunlight were monochromatic, consisting of thosn 
rnya alono: my defect in lho col or-omToc lion of l;lu; 
object-glass is rendered almost harmless. This inakoH 
it possible to UBO an ordinary achromatic objcct-ghisH, 
roughly - corrected for photographic work by merely 
separating tho lenses a trifle, according- to Cornu’s plan. 

' With a five-inch telescope and a snilablo enlarging 
lens, Janssen produees pioturos even liaU a met re in 
diaihotor, and of extreme perfection in their (lelijiua- 
tion of tho details of tho solar surface. Thio exjuism-t*, 
ranging from of a sec on d, according to fha 

eJcarno.ss of the air and tlio altitudo of the sun, is uiTucUHl 
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l>y a slide closely reseiulding' YogePs. The impi’cssion 
ol)tained is very fcoLle, and requires prolonged and 
careful dovelopincnt ; bid, when at last fairly brought 
out, is every way adinirable. Some very interesting 
reflults, which wo shall deal with later, have already 
boon deduced from his plates. i 

Idiotography, however, is not adequate as yet to the 
etudy of the most delicate details of the solar surface, 
!h'or' this purpose nothing can tahC' the place of ocular 
ol)sorvation by experienced and sldllful observers, armed 
with ])Owerful telescopes and suitable appliances, and 
on the watch for the few favorable moments' when the 
atmuspheri({ conditions will permit successful worh,' 

‘ The instrument must bo provided with some form 
of solar eyepieee expressly adapted to the purpose. 
'Pile old-fashioned Way was to use an ordinary eyepiece, 
lilted with a dark glass next the eye. If the whole 
aperture of a telescope of any size is. used, the lioat at 
the focus is so groat as to endanger the lenses, and ac- 
cordingly it was customary to ‘‘cap down” the objeet- 
glnss — i. e., to put on a cover with a small hole in the 
center, so as to reduce the aperture to' two or 'throe 
iiKihes, In this way, of course, the heat and light are 
easily diminished to alim^st any extent, but the del in i- 
tion is groatly injured- Aecording to well-known opti- 
cal prineiples, the imago of a Imninons point is not, a 
])oiut, oven in an absolutely ])erfoct telescope, but, in 
cousecpieuco' of tho so-called “diffraction” due to tbo 
intorforonco of light, becomes a small disk, surrounded 
by a scries of concentric luminous rings ; the smaller 
the a})ci’ture of tho telescope, the larger the disk with, a 
given uuignifying power, Similarly, the image of a 
lupiinous lino is not a lino, but a stripe of determinato 
width with fringes on each side. It is easy to soo, 
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tkorefoi’o, tlmt a tQleseopp of small apcrtiiro can not 
possibly bo mado to show as delicate details as one oC 
larger diameter, and, to got tlio beat results in examin- 
ing the surface of the sun, we must find some way of 
diminialnng tho light and heat without cutting down 
the diamoter of the object-glass (or mirror, if we arc 
using a roflcctiiig telescope), 

A refiooting telescope whose mirror is of ^msil/oGi'ed 
glass effeets this very boautifully. The unsilvcrod sur- 
face roflcctfi only about of tho incident light and 
heat, and although the resulting image is still too bright 
for tho unprotected eye, the heat is not troublesomo, 
and only a very thin shade-glass is needed. Another 
excellent method is to silver by Liebig’s or some analo- 
gous process the front surface of the objoct-glass oC a 
refractor. The silver film can bo deposited of such u 
thiclmcss as to allow any desired percentage of tho 
light to pass, while tho rest is reflected and not allowed 
to outer the inatrnment at all. The imago formed in 
this way is slightly tinged with blue, but is boautifully 
sharp and steady, there being a groat advantage in pre- 
venting the heating of tho air in the toloscopc-tubo, 
which occurs with every other form of iiistrumont. 
Tho telescopes employed by the French parties in tho 
observation of tho transit of Venus in 1874: wore pre- 
pared in this way. With its groat advantages, howovor, 
tho method has on tho whole quite as groat disadvan- 
tages, as was evident at Saigon, where clouds were so 
thick tlmt nothing could bo scon through tho silver film, 
and tho observer had to rub it off with a cloth before 
he could do anything. Then, of course, a telescope pre- 
pared in this way can not be used for any other pur- 
pose, The eommon practice, therefore, is, not to adapt 
tho instrumoub for solar observation by doing anything 
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to its object-glass or mirror, but to aecoraplisli the 
desired result by somo inodihcation or accessory of the 
eyepiece. 

One of the best known and most generally useful 
eyepieces is that devised by Sir John llerschol, and 
bearing his name. It is represented in Fig. It, which 
gives a. section of it. The light entering at O encoun- 
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tors a prism of glass, whoso first surface is placed at an 
angle of 4-5°. Tlie greater part of the light, something 
over passes through the prism, emerging pci'pon- 
dic.uhir to its H(!con<l surface, and goes out through the 
open end of the tube; thorellected light, about of 
the whole, is thrown upward through the eyepiece 
proper, A B, which is precisely the same as ordinarily 
used. In this way most of the light and heat are got 
rid of ; too much, however, still passes the lenses for 
the eye to boar, and it is necessary, to use a shade- 
glass ; but tills may be very light. The brightness of 
tho sun varies so much at diftoront altitudes and under 
dilToront cpiiditious pf the atmosphere, that it is d?- 
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sirable to have tlio tliicknoss of the shade-glass adjust- 
able, This is easily managed by osing a long, thin 
wedge of dark glass, compensated by a correspondiiij^ 
wedge of ordinary glass, and sot in a proper frame, ub 
represented in “Fig, 12, The shade-glass shoukl not bo 
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colored, but of neutral tint, so that objects on the buii'b 
surface may be seen of their proper Imc. The ghiHu 
known as “London smoko” very nearly fulliUs Huh 
condition, and with a shade of this material the appa- 
ratus is exceedingly satisfactory, and quite sii filed mil; 
for all ordinary work. 

^ Still finor results, however, may ho obtained witli 
I more complicated and expensive “helioscopes,” as tln\y 
I aro called, which by means of polarization rodneo tlio 
I light to Biioh n degree that no shade is needed, nml, 
j moreover, enable us to grachiatotho light as wo ploasoby 
‘ merely turning a milled head. There aro several f on nw 
of the apparatus : wo givo a figure of one construetod by 
Merz, slightly’’ modihod,* which is perhaps as convenient; 
and offectivo as any. The light entering at A lirsfc on- 

* The modlficfttion consists In BubHtUutlng the prisms P ‘ mid P * for 
flimplo roflcotora oC blnolc glass, which aro very npi to bo broken by tho 
boat o£ Iho suii*s image, 
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counters the surface of a |u*isin, P ‘, sot at the polar- 
izing angle ; about { § of the light passes through ■ the 
prism, emerging perpendicular to its rear .'surface, and, 
being rejected ! about is rellectCd and' polarized by 
the rellection. The rellected ray next' strikes the sur- 
face of a second prism, P and liere a considerable por- 
tion of the remaining light is thrown away. • That which 
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is loft is reflected into tlio upper imftion of the eyepiece 
parallel to its original direction, through an opening in 
the top of the circular case ill which the two prisms 
are mounted. The upper case is attached to the lower 
in such a inuiiuor that it can ho turned around the lino 
0 I) as an axis. It contains two plane mirrors of black 
glass, placed as bIiowh in tlio iigiiro. With things in 
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tho position indicated, a ])eam of considorablo strongtl) 
would reach tho oyo at 13 — so strong, in Xaot, as to bo 
painful ; and tho sanio would bo tho caso if tho uppor 
piece wore turned 180®, bringing tho mirrors into tho 
position shown by tho dotted linos, with tho issuing ray 
in the prolongation of tho inoidont, But, by turning 
tho upper piece oiio (piartor of a revolution, tho issuing 
ray can bo entirely oxtinguiBliod, and, by turning it Iohh 
or more than 90®, tho intensity of tho light can bo con- 
trolled at ploasuro. As no shade-glass is nsod, every- 
thing is Boen of its proper tint. Another advantago is, 
that there iB no siiich disturbance of tho orientation of 
tho solar imago as haj)pona with every form of diagonal 
oyepieco. North, south, oast, and west fall in their 
usual and natuinl places — a matter of somo iinportanco 
as regards the convonionco of observation. 

Still other forms of holioscoihc oyepioco deponding 
upon polarization have boon do vised by Socchi, lAng- 
ley, Ohristio, Pichoving, and otliors, each with its own 
peculiar advantages ; onr limits, however, forbid morc^ 
extended treatment of tho subject. "VVo add merely 
that in some cases, as in tho study of tho internal strin^- 
turo of sun-spots, it is found yory advantagGons to 
adopt tho device of Dawos, and limit the lieUl of view 
by a minuto , diaphragm mado by piercing n card f»r 
plato of ivory widi a hot nootllo; thus oxcliiding tho 
light from any portion of tho sun’s surface except that 
under immediate ohsorvation. 


CHAPTER III. 

THR SPEOTROSOOPJS AND THE SOLAR SPEQTRmt, 

Tho Spectrum nnd Prannliofor’s lilnoa. — ^Tho Priainatio Spectroscope} 
DoHoriplion of Yavioug Foring iiml Kxpluimtim) of its OporaUon.-~> 
Tho DinVaollon Spectroscope, —The Ooncavc-Gratlng. — Analyzing 
and Integrating Spectroacopea. — ho Telospeotroacopo and Its Ad- 
juatinont.— Tho Spectrograph.— Explaimtion of Lines In the Spec* 
trum. — Kirchhoft’a HcBcarohcB and Laws.— Tho Sun’s Absorbing 
Atmosphere and Reversing Layer. — ^Elomonls present in tho Sim. — 
Loohyor’s Resenrohes and Hypothesis. — ^Baslo Lines. — Dr, II. Dra- 
per’s InvcBtlgntlona as to the Presonoo of Oxygon In the Sun — 
Schuster’s Observations.— Elfcot of Motion upon Wave-Length of 
Rays and Spcctroscopio Dotoriiihmlions of Motion in Lino of Sight. 

Ever since the time of Newton it has been known 
that a beam of white light is decomposable into its con- 
stituent colors by pussing it through a prism, and, under 
certain circiimstancoB, tho result is a rainbow-tinted band 
or ribbon, which has boon called tho solar spectrum. 
In this spectrum 'Wollaston, in 1802, discovered certain 
dark shadings, and in 18 U Fraunhofer again and inde- 
pendently discovered tho same thing; and ho so im 
proved his apparatus and method of observation as to 
got not merely indoHnito shadings, but clear, sharp 
lines, of which ho made a map, assigning designations 
to many of tho principal ones. Indeed, those markings 
of tho solar spectrum boar his name to this day. 

Ho, howovor, could not account for thorn, further 
than to show that they did not originate in his instru- 
ment nor in tho oarth^s atmosphere; and it was not 
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until tliB publication of the researches of KirchliofO and 
Bunsen, in 1859 and 1860, that the seieiitiiic world 
caino to appreciate their meaning? and iinporlunco. 

"VVo speak of tlio work of Kirchhoif and Bunsen as 
epoch-making, and sneh was certainly the case. At 
the same time the secret of the solar spectruni had been, 
in part at least, divined before by Stokes, Tliomsoii, 
and Angstrom; llio latter especially, whoso memoir, 
published in 1853, would certainly have obtained a 
'high , celebrity if it had ai^peared in French, English, 
or Gorman, instead of Swedish. Swan and Zautedeschi 
had also given to the apectroseopo nearly its present 
form ; . and ,a liiunber of other invostigators, among 
whom Sir John Ilcr’scliol, Wheatstone, Foucault, and 
J. ‘W; Draper deserve Bj)ecial mention, liad each con- 
tributed something important to the foiindations of the 
new Bcionco, for such it 1ms proved to bo. The study 
of spectra has opened a new world of research, and 
added some' such reach to our physics and chemistry as 
the telescope brought to vision. 

'• Of ’conrao,' any extended discussion of the instrn- 
monts, principles, and methods of spectroscopy would 
bo inconsistent with our- limits: we can only treat the 
subject very briefly. ' ■ 

' Fhst, thou, as to tlioinstrnmoiit. It consists usually 
of three parts : the collimator so called; tho lighl^-aun- 
lyzing apparatus, whibh is sometimes a prism or train 
of prisms, and sometimes a diifraction grating ; and the 
view-toloscopo,! Figure 14 shows tho construction of a 
singlc-pi’ism spectroscope, and the course of the rays of 
light through it. The collimator is simply a toloscopo 
without an eyepiece, and having in the place of tho oyo- 
pioco a narrow slit. This slit is placed exactly at the 
focus of tho object-glass of the collimator, so that rays 
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fiom each point of tlio hUI l)ec;oiuo ])arallel iioatiiR alter 
passing tlio Ions, and a person looking through the ob*' 
jeet-glass; at tho slit, sees it precisely as if it"\vcre'aii 
object in the sky. Optically, the slit of the collimator 
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is thus removed to an inlinite distance ; while, mechani* 
cally, it is still at the lingers’ ends, within roach' of ma^ 
nipulaiion and adjustment. The collimator, however, is 
not essential, hraunhol’er’s work was all done with 
light admitted through a slit in llie window-blind at a 
distiince of twenty or thirty foot — a much less con- 
venient arrangement, as is at once evident. 

Tho vicw-telesGope, which, however, is no more essen- 
tial than tho collimator, is usually a small telescope with 
an ohjcct-glass of tho same si^-.e ns that of the collimator, 
and magnifying from live to twenty times. Ocnerally, 
tho collimator and telescope of astronomical spectro- 
scopes are from tlu'co (juarters of an inch to two inches 
and ahalf in diameter, and from six to forty inches long. 

The light, after passing tho slit and objoct-glnss of 
tho collimator, next strikes the prism or grating, and 
thoBo two things — the slit and the prism or grating — 
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are really all that is essential. In the ease of n prism 
(which must be set with its refracting edge parallel to 
the slit) the rays are bent out of their course, as shown 
in the figure, and enter the view-telescope, placed at 
the proper angle to receive them. Suppose, now, for 
a moment, that the light admitted at the slit is strict- 
ly homogeneous — say red. The eye at the view- tele- 
scope would then aeo a red image of the slit, corre- 
sponding precisely in form and proportions to the slit 
itself, widening or narrowing as the slit is acted on 
by its adjusting screw. If instead of a slit the open- 
ing had some other form, as an arc of a circle, a tri- 
angle, or a Bcxuare, the imago seen would imitate it, 
always having the same color as the light admitted. 
Suppose, again, that the light is not homogeneous, but 
consists of two kinds mixed together — say red and yel- 
low. Viewing the slit directly, witliout the spectro- 
scope, one would only see a single orange-colored im- 
age ; but with the spectroscope one would see two 
widely separated images, one of them rod, the other 
yellow. This is because the prism refracts the two 
kinds of light differently, so that after the rays have 
passed the prism they strike the object-glass of the viow- 
tolescope in different directions, and then make images 
" in different places. If the light is composed not of two 
kinds only, but many, the images will be numerous, 
ranged side by side like the pickets of a fence ; and if, 
as in the case of a candle-flame, the light emitted oon- 
taius an indefinite number of tints, then the slit-images, 
placed side by side, will coalesce into a continuous 
band of color. If, in. the candle-light, certain kinds of 
light ai'6 apeoially abundant, then the corresponding 
slit-images will bo more brilliant than their neighbors 5 
and if, as is usually the case, the slit be narrowed to n 
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lino, these slit-iraagos will become bright lines in the 
spectrum — Unes only because the slit is itself a line, 
which, of course, is the best form to give the light-ad- 
mitting aperture, in order that the different images may 
overlap and interf ero as little as possible. 

It any kinds of light be wanting, then the corre- 
sponding images of the slit will be missing, and the 
spoetrum will bo marked by dark bands or lines. 
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The cut (Fig. 16) shows the actual apiiearance of 
what is known as the chemical spectroscope, ordinarily 
iiflcd in laboratoricB. JSesides the collimator A, and the 
telescope B, it has a third tube 0, which carries a fine 
scale photographed on glass at the end farthest from 
the prism. There is a lens in the tube at the end next 
tho prism, so that the observer at the telescope sees this 
scale running across tlie held of view at the edge of the 
spectrum, and time hns tho moans of noting accurately 
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the' position' of' any linos lie may fiiul. This fiiTaiige- 
ment is duo to Bunsen. • 

i It 48. 'often dcsirnblc to obtain a greater separation of 
the dillerent colors™'* dispersion,” to use the teclmical 
term — ^than a single pi'ipm would produce. In this case, 
the rays .niter. 'iDassing through the first prism may ho 
ta-ausmitted' through a; second and a third, and so on, 
until theyrr'each the ■ view-telescope. With prisms as 
commonly made, it is difiiciilt to use more than six in 
this manner, but it is possible hy reflection i^roporly 
managed to return the rays through a second prism- 
train connected with the first, so as to got tho virtual 
effect of from ten to twelve prisms. Tho instrument 
figured on Images 74 a-nd 202, and used for obsorvatinn 
of the solar pi’ominoncds, is of this land. 
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' 'Another way is to use a compound lu'ism, so called, 
composed of a very obtuse-angled prism, A JB 1C, of 
soi'ho highly dispersive material, usually heavy llint 
glass, -flanked by two prisms of lighter glass with 
their refracting angles reversed. Prisms of this kind 
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oaii 1)0 mado of iiuicli liiglier dispersive power tlian 
Biinplii prisms, and of conrso a smaller mimljer will 
itnswer the same purpose. By properly proportion- 
injr the angles 0 A B and E .U D, it is possible to make 
tlio yellow rays of the spectrum pass tbrougli witliout 
ohango of direcition, wliile still retaining a considerable 
dispersion. An instrument with prisms of tins kind is 
Cisilled a “ divecl-vision ” spectroscope, and in some cases 
IB much more convenient than the other forms. 

'riiollon has recently constructed compound prisms 
having tlie dense glass prism replaced by a cbaraber 
it lied with carbon diaulpliido, wliicli possesses an enor- 
mous dispersive power ; with a train of these prisms he 
liUH obtained views of the spectrum only equaled by the 
performance of the host diffraction gratings. A dis- 
persion equal to that of thirty or forty in'isins of an 
ordinary sj)eci.roscopo is easily reached. The behavior 
of these (lisulphido prisms is, however, far from satis- 
factory for gouoral work, since they are extremely sen- 
bitivo to small changes of tomporaUrro, which cause 
irregular refractions in the liquid, and destroy tho dofi- 
nitiou. 

We have used tho exprossiou, the dispersive power 
of thirty or forty prisms ; but that is very indefinite, 
because tho dispersive power of a spectroscope depends 
upon its linear dimensions as well as the kind and num- 
ber of prisms and is proportional to tho dimensions. 
That is to say, if a given spectroscope has the size of its 
prisms, and tlie diameter and focal lengths of its col- 
limator and tclcBCopo doubled, retaining, however, tho 
former slit and eyepiece, its dispersive power will he 
(loubled by tho change. Thus a largo single-prism in- 
Btruiuont may equal in working power a small one of 
iiuiny prisms. 
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Lord Eayleigh lias shown that tlic reHolmng power 
of a spectroscope, eonstrnctcd with prisms of a given 
substance, depends upon the length of the route pur- 
sued by the rays of light in traversing them. 

As has beon said, a difl'raction grating may ro])laeo 
the prism in a spectroscope. Tliis dill'raction grating 
is merely a system of close, erphclistant, parallel linos 
ruled upon a xhatc of glass or polished speeulum-iuctal. 
The closer the lines, the greater the dispersion pro- 
duced; tlio larger the ruled surface, the more light is at 
the observer’s disposal, provided the eollimator and 
view-tele scope are largo enough to utilijso the whole 
ruling. The greater the total number of linos, the 
higher the resolving power of the grating, or power of 
separating close linos in the spectrum. 

It hardly needs to be said that the making of a sat- 
isfactory grating is by no means an easy mattoi*. To 
work a surfaco optically accurate, and to rule it with 
perfectly straight equidistant paralled linos, 20,000 to the 
inch or so, and all of the same width and depth, is ono 
of the most delicate and difllcult of mechaiucal opera- 
tions. The first that wore lit for spectroscopic use wore 
made in this country, about IS^l, by Mr. llutlierfurd, 
of Now York, upon a ruling machine devised and con- 
structed by him for the purpose : they wore first aet- 
ually applied in solar spectroscopy by the writer, in 
18Y8. In 1881, when the first edition of this book a])- 
poarod, some very fine ones had already heen produced, 
with ruled surfaces nearly two inches square, carrying 
1Y,280 linos to the inch. One of these, still in constant 
use in the Lriiicoton Observatory, is especially excollont, 
and exoo]3t in size is hardly inferior to tho magnificent 
specimens now inoduced at llaltimoro by Vrofessor 
Howland’s wonderful machine, which at present, with 
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its newest 1 m pro voni cuts iitid refinements, is cjiiito with- 
out a rivfil, and almost ideally perfect. Ever since 1882 
it has been iurniiii^ oil gratings of aclmii-able exeel- 
lenco : the largest have a ruled surface of about 5^ by i 
inches, with more than 100,000 lines (20,000 to the 
inch). Those have been widely distriljuted among sci- 
cntilic workers, and it is not too much to say that all 
the recent important researches upon the solar spec- 
trum (Tliollon’s alone excepted) owe their success to 
Howland’s gratings. 

An explanation of the way in which diffraction 
spectra are ]>roducod by a grating lies beyond our 
scope ; for this the reader is referred to any good trea- 
tise on optics. We merely state, in passing, that diffnw' 
iion has nothing to do witii refraction^ but depends 
upon the fact that the other waves, of which light con- 
sists, under certain circuinstancos “interfere ” with each 
othor and produce brilliant effects of color. AVc say 
Hjiectra^ bccanso, Avhile a prism gives Imt one spectrum, 
a grating gives many, and of diffc*ront degrees of dis- 
persion, which is often a matter of much convenienco. 
Of course, no one of the spectra is as brilliant as if it 
wore the only one, bnt with sunlight this is a matter of 
small consequence. Besides, it is possible, by giving the 
proper slittpo to tho diamond point which rules the lines 
and ])roporly regulating tho depth of cut, to produce 
gratings in which most of tho light shall bo concen- 
trated in a single one of tho spectra at the expense of 
tho rest. 

A good grating combined with a suitable collimator 
and telescope constitutes a spectroscope which for most 
solar work is incomparaldy superior in power and con- 
veiiionco to any prismatic instrument of similar dimen- 
sions, so that as a matter of fact the grating-spcctro- 
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Bcopc has almost siiporsedcd tho othor in this sort of 
work. 

T'ig. 17 shows tho arrangement of the dilfoventpartH 
of such an instrument. The collimator and view-tclo- 



scopD are placed witli their object-glasses close togetlion^ 
and their tubes making as small an angle as possildo, 
consistently with kcejnng the grating at a manageable 
distance, since both collimator and tele8co])0 must bo 
pointed at tho center of tho grating. The gratiiii^ Ih 
mounted on a frame with an axis at A, so that it oan 
rotate in tho plane of, tho dispersion, tho rnlod Ihu^a 
being parallel to this axis. Tlio frame which carriim 
the grating must bo so constructed as to snpporb iL 
steadily and liiunly, witliout tho slightest strain, for it 
is essential to its good performance that the surhu'o Ih% 
strictly plane: an abnormal prossiu'c of a single oimoo 
at one of the corners will sensibly alTcct its perf(n'jii“ 
anco, and four ounces would bend the plate sulllciently 
to ruin tho definition. 

As tho clifCorent orders of spectra ovorla)) aiuili 
other (tho red end of the second order spectrum over- 
lapping tlio blue of the third, etc,), it is sometimes nucoH- 
sary to separate them, and this can bo done in a nmii- 
nor first suggested by TraunhoCor, by interposing botwcsoii 
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the grating and viow-teloseopo a single prism with its 
plane of dispersion pcrpondumlar to that of the grating, 
tlio tohiseope being then ineliiiect at tlie pi'opcr angle to 
receive the rays. A direct- vision prism in the eyepiece 
answers the same purpose, though less satisfactorily. In 
many (avses a suitably colore<l shade-glass is snllleient. 

Fig. 18 is from a photograph of an instrument act- 
ually ill use at Vrinccton for observations upon solar 
prominences. It is designed to bo attaohecl to a nine- 
inch equatorial, its eollimator and view-telescope being 
each only ala ait tliirteen inches long, with a diameter 
of an inch and a quarter. The prism, P, is used only 
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occasionally and can easily bo removed. The toleseope, 
'l\is then lowered to the same level as the collimator, so 
as to he ])erpeiulicnlar to the linos of the grating. 

There is, however, a form of grating-spectroscope 
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invented by Professor Rowland which uses not a nut 
but a Gonmw grating, and dispenses with both the col- 
limator and the telescope. Por certain researches, such 
as the mapping of the spectrum of the sun or of muliU- 
lic vapors, or for comparing together different spcctiu, 
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it is the most powerful and cHectivo of all spectroficepit-. 
apparatus. The arrangement is that indicated iii I' 

19. The grating, G, is mounted at one end of a 
bar, 0, at the other end of which is placed an oyopiuco. 
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Two pivots, one witli its center directly under tlie cen- 
ter of tlio ruled surface of tlie grating, and the otlier 
at I, distant from the first by the radius of the 
B])liorical surface of the grating, connect the rod with 
two carriages whicli ride upon the rails E, and E'. 
Tlioso are firmly secured exactly at right angles to each 
other upon the two strong beams A and B, and at the 
point wherci the rails would meet is ]>laccd the slit S. 
With tins arrangement, if I is made to slide along B 
either toward the right or loft, G will slide along A ; and 
since the angle at S is a right angle, the throe points, G, 

8, and 1, will always be on the circumference of a circle 
whoso diameter is G I. Under these conditions light 
passing through the slit and striking the grating wdll 
form a perfectly focused spectrum at I, which can be 
viewed witli the eyepiece. 

If desired, a photographic plate can be placed at I 
and the apecjtrum photographed. If I is moved toward 
the right it will run toward the o'ecl end of the spec- 
trum, and toward the molct if moved toward the left. 
With a six-inch grating the rod Q I is usually from 
fifteen to twenty-five foot long, and the dispersion is 
tromondous. The apparatus is mounted in a large room 
perfectly darkened, and the sunlight is brought in by a 
holiostat mirror, through a suitably protected orifice. 
It was with an apparatus of this kind that Professor 
Bowland mado his great photographic map of the solar 
B]) 0 ctrum (page 78), and has studied the spectra of 
nearly all the chemical olomonts. The theory of the 
instruinont is (piito beyond our range : those who arc 
Buflioiontly versed in mathematics will find it given in 
the » Bneyedopffidia Britannica,” article “Wave-theory 

of Light,” § U. / . , \ 

The prismatic and difi'raction (or interference) spec- 
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tra differ fi-oin each other to a certain extent, not, 
course, in the order of colors or ol linos, Imt in tboir 
relative distances. In the prismatic spo(5truui tho rotl 
and yellow portion is mucli compressed, while tho violent 
is greatly extended ; with the diffraction spoctriinJ tlHi 
reverse' is the case; tho lines in tho violet arc crowded 1 
together, and those in the red are widely separated. 

In tho diffraction spectrum the linos are almost pin’- 
fcctly straight; in tlio prismatic, generally more ov hmn 
curved; wo say generally, because there are forma of 
high-dispersion spectroscope in which this curvature iw 
corrected. This curvature is caused by tho fact that 
tho rays from the top and bottom of tho slit do not 
meet tlio refracting surface at tlio same angle as tUoH(^ 
from tho middle of the slil ; they are, therefore, clril’er- 
ently refracted ; in conscfiuonco, tho slit-images of whUdi 
the spootrnm is built up are not straight, but distorUul. 

Wo may add that the dark linos which often rim 
leng til wise through tho spectrum are merely duo to 
rough nesses or particles of dust on the jaws of tho alit. 
It is almost impossible to mako and keep tho odgea of 
tho slit so cloaii and smooth that linos of this sort will 
not appear when tho opening is very narrow. 

Tho spectroscope may be used in two entirely dif- 
ferent ways; it may simply have its collimator pointed 
toward the source of light; or a lens may bointorposud 
botweon the slit and tho luminous object, so as to form 
an imago of tho lattor on tho slit. 

In the Jirst case, the instrument is said to bo an "in- 
ic(jraiing spectroscope, because each point in the ulib 
receives light from tlio wliolo of the luminous object, bo 
that tho spectrum is alike through its wlmlo width, tinil 
voprosonts tlio avorago light of tho object — it tho 
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wliolo, 80 to 8 ])eak. In tlio second case, different parts 
of tlio slit are illnminatcd by light from different parts 
of the ol)jcct ; the top of the slit gets tlie light from 
ono point,. the middle of the slit from another, and the 
bottom from a third. If, then, the lights emitted by 
the three points differ, their spectra will differ also, and 
the observer will find that different portions of the 
width of his spectrum will differ correspondingly — the 
upper portion will be unlike the middle, and the mid- 
dle will differ from the bottom. An instrument ar- 
ranged thus is called an analyzing spectroscope, because 
it enablofl us to dotermino separately the spectra of vari- 
ous portions of an object, and thus to analyze its consti- 
tution ; as, for instance, a sun-spot and its surroundings, 
h’or most purposes, especially astronomical, it is miicli 
the most satisfactory. Approximately the same end 
may be reached, in some cases, by ])lacing the slit very 
near the luminous object, as in fiatnc analysis, but it is 
usually much more convenient and better to use the 
lens. In astronomical work the o])ject-gla 8 s of a large 
cfjuatorial tele.scopo is genoi-ally employed to form the 
imago of tho celestial object, and the spectroscope is 
attached at tho eye-end of the telescope, tho eyo]ncco 
being removed. The combined instrument is then often 
(•ailed a tole-spoetrosco])0. Pig. 20 , on tho next page, 
reprcscnla tho apparatus long used at the Dartmouth 
Oollego Observatory. 

It is usually vory importaut that the slit of tho in- 
strument ho precisely in tho focal piano of tho objcct- 
glasa of tho telescope for tlm rays especially under ex- 
amination. On account of the so-callcd “sccondaiy 
spectrum” of ffio achromatic lens, this focal plane is 
(piito different for tho different colors, and the spcctio- 
scopo reiiuirOB to bo slid in or out, so as to vary tho 



74 : 


TEE SUN. 


distance of its slit from the groat object-glass of tlio 
teloECope according to circumstances. The same end 
may be obtained (less satisfactorily, liowevev) by a sec- 
ond lens botween tlio object-glass and the slit, and 
pretty near the latter. By moving this lens, the I'ocns 
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can bo made to fall exactly on the slit. Neglect of this 
adjustment* will make many of the most interesting and 
important spocti'osoopio observations quite impossible. 

As has been already mentioned, photography is often 
used in connection with the spectroscope, and the name 
* Sco Koto A, pngo aBl-DBG. 
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sjyectrograjih has heen given to the combination instni- 
mont. l*’ig. 21 represents the spectrograph which is 
attached to the 2n-incii equatorial of the Italsted Ob- 
servatory at Princeton. As shown in tho (iguro, it uses 
a grating, but tliis can, at pleasure, bo exchanged for a 
train of prisms. 

Some of the advantages of photography are self- 
ovident — as, for instance, tlio quickness and accuracy 
with which a map of any portion of tho spectrum can 
bo produced, as contrasted with tlio tediousnoss of any 
drafting process. Then, too, since our modern pUitos 
admit of any desired length of exposure (instead of dry- 
ing up in a few minutes, as our old “wet plates” used 
to), they enable us to got satisfactory negatives of spec- 
tra far too faint to be visually observed. ’Finally, there 
is a long range of ultra-violet spectra composed of rays 
of too short wave-length and too high a “ pitch ” to bo 
Boon by tho human eye, while they are easily photo- 
graphed. 

Per coni/t'ti^ tho ordinary pliotographic plate is by 
no means impartial — it is very sensitive to bluo and 
pnrplo, and vejy obtuse to green, yellow, and red. The 
new isochromatic and orthochromatic plates are, how- 
ever, bettor in this respect, and by using them (com- 
hinod with a reasonable amount of patience) it is now 
possible to worlc down oven to tho red extremity of tho 
visible spectrum. 

If tho collimator of a spectroscope of any form bo 
directed toward an ordinary lamp, or upon tho incan- 
descent lime of a calcium-light, the observer will get 
simply a eon iii mens spec tr urn ; a band of color shading 
gradually from tho rod to the violet, without markings 
or lines of any kind. If tlio inslrumont bo turned to- 
ward tho snn ho will obtain soinothing much more in- 
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tevGsting — a baud of color, as boforts, but marked bj 
Imudrccls and thonsands of dark Hues, some flue and 
black, like hairs drawn across the spectrum, while others 
arc hazy and indistinct. 

Most of them retain their appearance and position 
])orfectly from day to day ; some of them, howovor,‘are 
more intense at one time than another, and when the sun 
is near the horizon certain lines in the red and yellow 



terrestrial atmosphere. Vig. is a reproduction of a 
portion of Fraunhofer’s ina]) of the solar speetrum, 
showing what one might fairly expect to see (oxcopt 
as to color) with an excellent single-prism spectroscope. 
Fig. 23 is a drawing of a very small portion of tho 
spectrum in tho green, as shown by a very iioworrul 
spectroscope. The scale is that of Angstrom’s map. 
The largo, heavy lines are known as the little 1) gnnip, 
and arc duo, as we shall soon sec, ])art of them to \\w 
presence of iron and idcltcl, and part to magnesium, us 
(faaes in the solar atmosphoro. 

Hl'JCO’l'ilUM srAi's. 

There arc numerous majis of tho solar spectrum : 
tho earliest of any scion tiOe valuo was Kirchhofl’a, wliieli 
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appeared in 1801-02. Its scale was purely arbitrary> 
and not even self-consistent throughout, so that when 
Angstrom’s map of tlie “normal spectrum” was pub- 
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lislied in lo08, made with a diflraction grating, and 
platted on a scale of wave-lengths (one unit of the scale 
corresponding to one ten-millionih of a millimetre of 
wave-length), it soon superseded Kirchliofl’s, and ban 
not yot ceased to bo used for reference. Angetroiii’a 
grating was imperfect, however, and at present How- 
land’s photographic map, dating from about 1890, in 
accepted as “ the standard.” It covers the ultra-viuUst 
from about X-* 3000, and extends down tlirougli ilio 
visible spectrum into the rod to*\ 0900, just below tUo 
B line. It is unfortnnato that it docs not go lowor, but 
Mr. Higgs, of Liverpool, has published a set of photo- 
graphs of different parts of tho spectrum, and two of 
these complete Howland’s map to tho lower limit of 

* A,, is tho symtol liow nnivcrBftlly used for tlio “ wnve-longth ” o f a 
ray of Uglit. “x 3000” moana llmt part of the apoelrum (invlssible hi 
this case) where the wavo-loiigtli is 3000 ton-mllliontha of a ittUlimctro. 
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photographic capability. In olcarnoss and beauty of 
execution Ml’. Jligga’s maps surpass everything that 
Ims been done in that lino. Thollon’s great map cov- 
ers only the lower half of the spectrum, and is subject 
to the same objection as that of Kirehhoil! — an arbitrary 
8(nilc, Its peculiarity is in presenting the appearance, 
of the spectrum corresponding to dilferent altitudes of 
the sun. 

As there are invisilile rays beyond the upper or 
violet end of tlie visible spectrum, so also below the 
red there is a still longer range of rays of wave-length 
too great for the human eye to perceive. Photography 
carries us a little way into this infra-rod region, but not 
far. For most of our knowledge of it wo are dependent 
upon the “bolometric” work of Professor Langley, to 
which we shall have to refer more specially in treating 
of tho heat of the sun. lie has already succeoded in 
mapping this " heat-spectrum,” as it is somotiines called, 
sulHciontly to show that it is lillod with dark bands and 
lines, and lias fixed the position of many of thoin. 

If, instead of using tho sun or an ordinary flame for 
tho sonreo of light, wo examine with tho spectroscope 
an electric spark, or the arc between carbon points, or 
the light prodneod by passing the disohargoof an induc- 
tion coil through a rarcllcd gas, we shaU get a spectrum 
of qiiito a di Her cut sort — a spectrum consisting of bright 
linos upon a dark or faintly luminous background; and 
it will bo found that tho spoctriim developed will al- 
ways be llio same under similar circumstancos, depend- 
ing mainly upon tlio material of the electrodes (tho 
points between wliich tho disohargo passes), and tho 
nature of the intervening gas, hut also, to a certain 
extent, up6n its density and the intensity of tho oleo- 
tric dischargo, So, also, if certain easily vapor iijod salts 
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arc introduced into tlio blue flame of a P>uiiseii gaR-buriv 
cr, ov of a spirit-lamp even, the llarno bocomcB colorcdj 
and its speetimm is a Bpectniin of bright lines, wbitih 
are perfectly characteristic of Uio metal whose salt is 
used. An ordinary candle-flame, indeed, almost always 
shows one such bright line in the yellow, as had been 
noticed many years before Swan, in 1857, showed it to 
be due to the’ presence of sodium, which in the form 
of common salt is niiivcrsally distributed. 

•Prannhofer, as early as 181’^,f liacl discovered that 
thk.line (or lines rather, for it '*^8.- really composed of 
twmj easily separated by a si?e^^i’osGoj)o of' no grout 
power) exactly coincides with 'the double line which ho 
named D, in the solar spectrum ; and ho had found tho 
same line in the spectra of certain stars also ; buflie did 
not know that the lino was due to sodium, or in uU 
probability ho Avoiild have anticipated by neaily half ti 
century the discovery which lies at the fouiulatiion of 
modern spectrum analysis. As has been said before, 
tho principles involved seem to have been more or 
loss distinctly apprehended by several. persons — Stokes 
and vlngstrom especially — years before tho i)ubli(;ation 
of 'Kirchholl in 1859 ; but it was KirehboJT’s work 
which first bore fruit. 

It is not nece^ry to repeat hero again the oft-told 
story how ho found that, when sunlight is made to 
pass through a flamo containing sodium- vapor, the 1 )- 
lines in the spectrum of this siinliglit come out with 
increased intensity ; though, when a screen is intorposc.d 
between the sun and tlie flame, the lines are bright, as 
usual in such a flame. He found, too, that when tho 
incandescent lime-cylinder of the ealcium-lighfc is phtoed 
behind tho sodium-flame, a precisely similar plionomeium 
oocurSj and tho bright linos of tho flame-spectrum aro 
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rovcrRed to davlc oiigr.* Ho found the Raino 
hold good iilao for a tlaino colored by Uthiuiii. 

I'lie BUin oC his results may he stated as i'DllowH ; 

L BoUdu and lic]_\iidR, when incaiidesceiitj (iCHi- 

tiimnus spectra; and, as wo now know, the saino tiling 
is true of gases also at great presBiirce. 

2. llodies in the gaseous state (and not (5c>in]>rc5BWHl') 
give discontinuous spectra consisting oli bright liiuin lunl 
hands; and these bright-line Bpeetra are diil’ercnb i<>»‘ 
diil'erent BubBtiiuccs, and oluiraeteristic, bo that a given i 
Bubstaiice is identiiiahle by its spcctrunut 

3. ’When light from a solid or liquid iiunindowmiib 
body passes through a gas, the gas absorbij prucdsoly 
those rays of which its own spectrum cfonsmtH ; ho tliati 
the result is a spectrum marked by bl(u;k Iiiioh tnuni’t ly- 
ing exactly the same positions wliicU would bo hohl liy 
the bright lines in the speetriiin of the gas aloiio* 

H ’ s (im ml n si on , there f o ro , "svas tl i at tbol uiii i 1 1 our hii r- 
faco ol' the sun ((the “ photosphere ’'),Js couip<mo<l of 
solid^or liipiid matter giving by itsell' a puroly ('.ontin- 
uous spectrum, and that the dark lines which mark tiic 
speetrum are prodimed hy the transmission of 1 ;Ik! light 
through an overlying atmosphere. lie. .hoUuvod dui 
photpsphoi'Q to be a contirnious sheet of liipiuV- -a iiuil- 
tou ocean — but nmnorous facts since lean uni uiaku if 
almost curtain that it is.ratlior a sheet of chiud,” (►< on- 
posed of minute dro))B or dust lloating in tlio 1 o\v<h' I’ci- 
gions of the solar atmosphoro. 

* Tlio blrtolcneas of tlio linos formed In this wny'is mioh Uial U In nonn'- 
limoH dUlloiiR to holiovo, wlmt in really iho faot, ihni they are nolntilty 
hriglUov thiui they wore httforo tlm Ihne-cyliuder was plnecil Indihul this 
flume, uml that their darkness Is only apparent, mid dno tu llujlr ctmlVfiMl 
with the more brilliant baekf; round of the eoulinnoiw n]»iioLi'uin ♦>(! iho 
liioandoacont Ihno, It Is very easy, however, to donnmBli*aly lliu tnuli by 
ft simple experiment t Heo Nolo U, payo 8BG. 

1 
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If, tlion, Bodium is prceont in tho solar atmosphoro 
between 118 and tlic photospliore, wo ought to lind in 
the solar Bpcctruui those lines darh which are bright in 
the spectrum of sodium-vapor ; and wo do. If ,niag 
^ j ) noBium is there, it ought to manifest itself in the same 
way, and it does ; and similarly for all the substauc.es 
wbicli spectrum analysis revealR. 

If this view is corroct, it follows also that this atnioH- 
phoro, containing in gaseous form tho Buhstanees whose 
pvosonce is manifested by tho dark lines of the onli- 
nary spectrum — tho sun’s revenmg layei\ as it is now 
often called — would give a spectrum of bright lines if 
we could isolate its light from that of tlio piiotos])h(U'e. 
Tho observation is possible only under peculiar eircuin- 
stanccH. At a total eclipse of tho sun, at tho inomeiil 
when tho advancing moon has just covered tho ruu*a 
( lisk, tho solar alinosphcro of course jirojects somowliat 
I at tho point where the last ray of sunlight has disap- 
j poared. If tho spectroscope be then adjusted with ilu 
alit tangent to tho sun’s imago at tho point of contact, a 
most “beautiful phenomenon is soon. As tho moon ud- 
v^ancos, making narrower and narrower tho romaininpj 
j sickle of tho solar disk, tho dark lines of tho spoctiuini 
j for tho most part remain sensibly unchanged, thougli 
i becoming somewhat more intense. A few, howovoi', 

' begin to fade out, and some oven turn x’aloly bright a 
niniito or two before the totality begins. But the mo- 
ment the Bun is hidden, through tho whole length »{ 
the Bpeotnnn, in tho red, tho green, tho violet, tUo 
bright linos flash out by hundreds and thousands, alimjKl 
startlingly ; as suddenly as stars from a bursting r{»ckct- 
hoad, and as ftxaneseftiit, for tho whole Iking is fjvei* 
within two or tlireo seconds. The layer sooins to lju 
only something under a thousand miles in thicknoftn* 
and tho moon’s motion covers it very cpiickly. 
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Tho plicnoinononj though looked for at the hrst 
eclipses after solar spectroscopy began to be a sciencOj 
was missed in 1868 and 1809^ as tho requisite adjust- 
ments are delicate, and was lirst actually observed only 
in 1870. Since then it has been more or less perfectly 
seen at every eclipse.* Except at an eclipse it has not 
yet been found possible to observe this bright-line spec- 
trum, because it is overpowered by tho aerial illumina- 
tion of our own atmosphere. 

It is not, however, to bo understood that tho dark 
lines of the solar spectrum are due entirely or oven 
principally to tho stratum of gas which lies close above 
the surface of the photosphere, ’Were this so, the 
darlc lines should be much stronger in the spectrum of 
light from tho edges of the disk than in that from the 
con tor, which is not tho case ; at least, tlie difference is 
very slight. The photosphere, as we shall see here- 
after, is probably composed of separate cloud-liko masses 
floating in an atmosphere containing the vapors by 
whoso condensation they are formed ; tho principal ab- 
sorption, thoreforo, probably takes place in the inter- 
stices between tho clouds, and below tho general level 
of their upper limit, 

Tho beautiful observations of Professor Hastings, of 
Now Haven, in which by an ingenious contrivance ho 
managed to confront and compare directly tho spoctra 
of 'light from the centor and edges of tho sun’s disk, 
ha\^e brought out tho facts in tlio case very finely. 

'IChoovotieally, then, it is very easy to test tho ques- 
tion of the presence of an element in the sun, It is 
only necessary to cover one half the length of tho speo- 
troBcopc-slit with a mirror oi‘ prism by which tho sun- 
light is directed into tho instrument, while at tho same 
time a flame or electric spark, giving the spectrum of 
’the substance under investigation, is placed directly in 
♦ Soo Note 0, pngo 
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front of feho otlior half of the slit. When iiiattera aro 
thus arranged, the observer sees in tlie instniniont two 
spectra in juxtaposition, ouch of half the usual width — 
one the solar spec t nun, the other that of the oleineiit 
uudor investigation ; and it is easy to see whether the 
bright lines of the elementary vapor match exacUy 
with corresponding dark lines in the solar Bpectrum. 


Fio. 2-1. 



AotION Of TEIK OOMI*AniBON- COSlPAlliaOK,rniHM AT TIER BMT Of VlllS SVIIO* 
I’lltau, ' TUOSCOPB. 

The figurea show the usual arrangement of tho coin- 
pariBon-]>x'i8m, as it is ordinarily called. 

For the oxainination of tho upper or violet portion 
of the spectrum, photography is employed with great 
advantage, tho arrangement being precisely tho same as 
that just indicated, except that a sensitized plate takos 
tho place of tho human retina, and the improBaion can 
bo pormanontly retained for leisurely study. Oertain 
light, too, as every one knows, which is invisible to tlio 
eye, strongly afFeets tho pliotographie plate, so that tho 
comparison can by this means bo carried on into tho 
ultra-violet regions of tho spectnim.* 

Tho following full-page illustration is a rojirosonfft- 
tion of the arrangement- of aiiparatus used by Mr. hoolc- 
yor.in his celebrated reBoarchos — it is taken from hia 
“ Studies in Spectnun Analysis,” 
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i . 26.— Gekbkai. TiE-sr of Spectettm Photoskapsic jajSEASeEMBsrrs showtss Hbuostat, Lamp, and Lesbes. 
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Thooretically, we eay, tlie comparison is easy ; but 
tlio practical difficulties are considerable. In the first 
place, it is not easy to get a spectrum ol the body you 
Avish to study, free from lines belonging to other sub- 
stances— the recpnsito chemical purity is very trouble- 
some to attain ; and, in the next place, the dark linos of 
the solar spectrum are so numerous that it rccj^uires a 
, very high dispersive power to establish a coincidence 
[With certainty ; a bright line in the spark-Bpectrum may 
ijlfall 'Gery near a dark lino with Avhich it has no connec- 
',tion whatever. When, hoAvover, as in the case avc have 
mentioned, the coincidoncos ai*e not one or two, but 
numerous, and the lines in question peculiar in their 
character and appearance, a satisfactory result is soon 
established. 

It AVUB in this manner (by comparisons made by the 
eye and not by photography) that Kirchholf in 1860 de- 
termined the presence in the solar atmpsphore of tlic 
following elements; sodium, iron, calcium, magnesium, 
nickel, barium, copper, aud zinc, the last two rather 
doirhtful at tliat time. Since then the list has boon 
greatly oxtonclecl, and in 1891 stood as follows, accord- 
ing to Professor Ho Avlaud, Avho has been making a most 
thorough roinvostigation of the whole subject. Ho has 
worked Avith eon ca Vo-grating apparatus of the highest 
poAvev, and has made his comparisons between the spec- 
trum of the sun and the spectra of the chemical ele- 
ments by means of photography. He has used, hOAvover, 
only the electric a?’o, and not the spark, in producing 
the spectra, and it is to bo hoped that this research 
may bo supplemented by an equally thorough study of 
spark-spectra. Since the Avork is not even yet com- 
plote (1895), the list is to bo regarded as provisional 
only. 
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J'JLEMKNTH IN TIIK SUN, AKKANOKD AOCOKDINQ- TO THE 
NDJIHKK AND INTENSITY OF TUlillt DARK 
LINES IN THE SOLAR SrECyrKUAt. 


IntoiiBity. 

1, Calcium. 

2, Ivon 

3, Ilyilruircn. 

'1. Hodlum, 

D. Nickel. 

6. Magnesium. 

I . Cobalt. 

R. Silicoii.f 

I). Aluminium, f 

10. Titanium. 

II. Chromium. 

12. Strontium. 

18. MniiRaiiosc. 

M, Vanadium. 

15. II avium. 

Ki. Cnvimn. 

1*1. Scamlium.f 

18. yttrium. 

10. Zircon I urn. t 

20. Molybdonum.l 

21. Lantliamim. 

22. Niobium, i 

28. Palladium. I 

24, Neodymium, I? 

2B. Coppoi’.t 

20. Zino. 

27, Cadmium. 

28, Cerium , 

29, Qlucinum.| 

80. Qovmanlum.t 

81. Rhodium, f 

82. Silver. 

38. Tin. 

84, Lead, 

85, Erbium. 

86, I’otassium,'!' 


Ntttiiber. 

Iron (2,000 or more). 
Nickel. 

Titanium. 

JIangancBo. 

Ghromium. 

Cobalt, 

Carbon (200 or more). 
Vanadium. 

Zirconium. 

Cerium. 

Calcium (76 or moro). 
Neodymium. 

Scandium. 

Lantbanum. 

Yttrium. 

Niobium. 

Molybdenum, 

Palladium. 

Mogneslum (20 or more). 
Sodium (11). 

Silicon. 

Hydrogen. 

Strontium. 

Barium. 

Alu minium (4), 
Cadmium. 

Rhodium. 

Erbium. 

Zino. 

Copper (2). 

Silver. 

Qluclinun. 

Germanium. 

Tin. 

Lead (1). 

I’otnaslum. 
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DOUBTFUL 

I'UUailiNTS. 


IrUiinm. 

Osmium, 

Platinum, 

Rullieniiitii. 

Tnntalum, 

Thorium. 

Tungsten. 

Uranliini. 

EIUSMliNTS 

NOT AUUNAKTNO IN TIIK 80LAK 

Sl’KOTlUI.M. 

Antimony. 

Avseuic, 

nismuth. 

Ihii’on. 

CicBinm. 

GoUl. 

Imlhim. 

LUliliini. 

PlitisphoiniB, 

H\ibiiUuin. 

Selenium. 

linroury. 

Tlmlliura. 

PiTOseoUyiniuin. 

Nitrogen (vaouuni-tulic). Sulphur. 


SUHSTAN0153 NOT YKT TUnCD (HY UOWLAND). 
nromlnc. Ohloi'ino. Eluorino. loilhu'. 

Oxygon. Gnlliinn. Holniluin. Tollnriiiin. 

Torbium, Ttuillmn, etc. 

Professor Rowland remarks that sovoral oC tlu) 
monts are classifiecl as “not appearing in the solar siu'tr- 
tnnn” merely because their arc-spectra show very few 
strong lines, or none at all, within the limits of the solar 
spectrum (it might be cUilorent witli their 
tra). 

Ho adds, what can not too lirmly bo borne in niitnl, 
that the failure to find them “is very little ovidonce of 
their absence from tho sun itself,” and that if the wlmlti 
earth “wore heated to tho temperature of tho sun, iln 
Bpecti'um would probably resemble that of the sun 
closely.” 

Besides those substances which reveal their presiun't^ 
in the snn by dark lines in its spcctimm, thove ar(! itl 
least two otbors, heliuwi'^' and Govonimn^ as they avtt 
provisionally named, which show themselves only Uy 
h'ight lines in tho spectrum of tho oliromosphoro niitl 
tho corona, with which wc shall deal later. In IHUtt 
helm7rh was at last identified by Ramsay, in coiinccstitjii 
with his rcBcarcbes upon argon, the new component of 
our atmoaphoro. Ho found tho lines of helium in ga« 
* Seo note on page 844, 
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cliBCiii gaged from uraniniLo ami other minerais, ■where 
it is asBoeiated witli the Bo-eallod “ rare earths.” fiorq- 
iiiiim still remains undetermined. 

All oC the ahove-named elements, except those 
marked with a f, are re])resented at tiinea b}’ bright lines 
ill the s[)ectrum of the chromosphere, which will be dis- 
eiiBsed in another chapter ; and strontium and cerium 
were oh.sorvetl in tliat manner iiy the writer before the 
coincidence of their lines with darh linos in the ordinary 
s()lar Hpectrum had been satisfactorily made out. 

As to carbon,* the characteristic groups of lines 
which mark the visible portion of its spectrum are only 
doubtfully present ; hut in the ultra-violet the iihoto- 
graphs of 'Mr. Loekyor have brought out other groups 
which belong to this element, and the prosonco of this 
eloment has since been abundantly conflrivied by Row-*' 
land and others, 

'^Phns far the most careful ohsevvatlon fails to find, 
either in the ordinary siieetrum or in that of the chro- 
moajihero, the slightest trace of bromine, ehloinno, 
iodine, or nitrogen, of arsenic, boron, or phosphorus; 
of sulphur there are merely doubtful indications in the 
cliromos])liore spectrum ; and as regards oxygen,* the 
evidence, on the whole, is against its jiresoncc, tliongh 
the case is peculiar. 

’When wo recollect that the non-apparont elements 
constitute a great portion of tlie earth’s crust, the 
(piostion at once foreos itself, Wliat is tlie meaning of 
tlioir seeming absence? Do they really not exist on 
tlie Sim, or do they simply fail to show themselves; and, 
if so, why ? The answer to the question is not easy, 
and astronomers are not agreed upon it, though wo im- 
agine that most of them would prefer the latter altorna- 
live, Kvon under the conditions of our torrostvial 
* Soo nolo on pnRo SfiO, 
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laboratories wo find cases where, when several gases and 
vapors are mingled at a high temperature, certain ones 
only of those present appear in the spectrum of the 
mixture, tho others giving no indication of tlioir pres- 
ence. Then, too, it is now certain that tho same sub- 
stance under differing conditions may give two or more 
widely differing spectra ; it is easy to admit, therefore, 
that we may bo unable to reproduce in tho electric arc 
tlm spoctrum of a substance that characterizes it in 
tho sun, and so may fail to identify it. Possibly, in 
some cases, the very brilliance of tho linos of an olcinent 
may prevent their appearance as dark linos. It is pos- 
sible, for instance, to make tho bright linos of sodium 
BO intense that the light from an incandoscenL lime- 
cylinder will not be able to reverse thorn, and, of course, 
by making them a little less intense, they may bo caused 
to disappear entirely, being neither brighter nor darker 
than tho continuous spectrum on which they are pro- 
jected. This may perhaps actually bo the case with 
hblium, which gives in the chromosphere spectrum an 
intensely brilliant yellow line, known as bocauso it 
is very near to the sodium linos, IX and T),. At times, 
and especially in the neighborhood of snn-spots, a very 
faint dark line marlcs its place, but usually the spec- 
trum of the pbotosphoro fails to give tho slightest in- 
dication of its presence. There arc, however, in tho 
chromosphere spectrum fifteen or twenty other bright 
linos (but fainter than D,) which have no dark cor- 
rolativGS. Most of those are now known to ho also 
duo to helium, and this makes it more likely that tho 
absence of dark linos is accounted for either by tho 
tliinnoss of tho helium layer or tho intensity of its tom- 
poraturo, 

Nitrogen and hydrogen each have two spectra, one 
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a spectrum mostly composed oJE shaded bands, while the 
other consists of sharp, wolhdolined linos. Oxygen, ac- 
cording to Schuster’s careful researches, has four spec- 
tra, and carbon is also assigned four by its investigators. 
There appear to bo various possible explanations of 
these facts. One is, to supijoso that the luminous sub- 
stance, without any change in its own constitution, vi- 
brates differently and omits different rays under varying ;■ 
eircutnstances, just as a metal plate emits various notes / 
according to tlio manner in which it is held and struck. | 
A second assi^inos that the substance, without losing its 
chemical identity, undergoes changes of molecular struct- 
ure (assumes allotropic forms) under the varying cir- 
cumstances which produce the changes in its spectrum. 
According to either of these views, although wo can 
safely infer, from the presence of the known lines of an 
element in the solar spectrum, its presence in the solar 
atmosphere, wo can not legitimately draw any negative 
conclusion : the substance may bo present, but in sucb 
a state under the solar conditions as to give a spectrum 
different from any with which wo are acquainted. 

Still a different explanation is to suppose, with Mr. 
Lookyor, that the changes in the spoctrnm of a body are 
indications of its decomposition, the spectrum of the 
original substance being replaced by the superposed j 
spectra of its constituents, so that the absence of the ' 
missing substances is real, being duo simply to the fact' 
that the solar atmosphere is too hot to peimit them to 
exist in it : they decompose or " dissociate ” at a lower 
temperaturo. 

It would bo improper to dismiss this hypothesis with 
a mere passing mention, for during the post fifteen years 
it has boon almost constantly iiiidor brisk discussion. 
Whothor true or not, it is certainly not absurd, nor in 
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itself oven im])rol)ablo. The idea that at bottom there 
is but one material substance, and that all otir chemical 
elements dilTor only in the way in which their ultimate 
molecules are built up out of the simple atoms of this 
pan Logon,” is old, and has always been attractive to 
speoulativo minds. Grant it, and many otberwiso puz- 
zling facts and relations of the now chemistry become in- 
telligible. At tlio same time it has not yet boon proved, 
and so far all attempts , to break up the elemcuts into 
simpler bodies have failed. It seems impossible also to 
reconcile the hypothesis with tlic laws which connect 
the specific heat of bodies with their ehemioal constitu- 
tion and atomic, weight. 

It may be added, too, that some of the supposed ob- 
sorvatioiml facts upon which Mr, Lockyor relied at 
first to support his theory have turned out to bo mis- 
takes clue lo errors of experimentation, or the use of 
insnfiioiont spectroscopic power. 

Thus groat stress was laid upon the so-called “ 
linos wlii(}h appear to bo common to the spectra of dif- 
ferent substances. If one runs over Angstrom’s map 
of the solar spoetrum bo will find about twontyiivo linos 
marked ns belonging both to iron and calcium. The 
same is true of iron and titanium to a still gronler 
extent, and to a considornble degree of sovoral other 
pairs of substances. This fact might bo explained in 
scvorfil ways. Tlio coinmon lines may bo due — first, to 
impurities in the materials worked with ; or, second, to 
some common coustitneut in tbo substances (whicli is 
Lockyor’s view) ; or, tliird, to some similarity of molccj* 
ular mass or structure which dotorminos an idonticii! 
vibration-period for the two substances ; or, finally, it 
may be that the sTipposod coincidence of the linos is 
only apparent and approximate — not real and exact — 
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ill wUic-li easo a specti-oscopo of Bullicient dispor.sivo 
jHMVor wo\iUl show tho want of coinddeiico. 

Wow, Mr. J.ookyor, by a sorioa of most laborious 
resoarohoa^ Ima proved that many of the coincidGiKies 
shoMMi on tho map aro merely due to imjiurities, and 
ho has boon able to point out wlueh of the linos mapped 
as common to calcium and iron, for insUiuce, belonged 
to uiudi iiiotal. As tho iron employed is rendered suc- 
cossivoly purer and iniror, certain of tlio common linos 
bocomo fainter, and such evidently belong to calcium 
and not to iron. Similarly, when calcium is used, we 
can point out the lines which arc due to the iron coiu 
tarn illation. Tint, when all is done, we find that certain 
of tho common lines persist, becoming more and more 
conspicuous with every added precaution taken to in- 
Hure purity of materials. 

Moreover, when one of the. substancGs, say tho cal- 
cium, is Bubjected to continually increasing tempera- 
tures, itB Bpectrum is continually modified, and these 
l)Unio-lineSy as Mr. Lockyor asserts, are tho ones which 
become infircasingly conspicuous, while others disappear. 
This is just what ought to happen if they are due to 
some olomont existing in both the iron and calcium — an 
element liberated in increasing abundance with every 
rise of tamperaturo. 

Hut unfortunately for the theory the application of 
our proBont powerful spectroscopes shows that in almost 
every caao these “ basic ” lines aro only instances of 
cloHO coincidence. Tho writer in 1880 examined svith 
care tho Bovonty linos given on Angstronds map as com- 
mon to two or more el omenta, and was able to resolve 
fUty-six of them into doubles or triplets} and later ob- 
Borvora liavo resolved the rest or shown that they wore 
duo to impurities. Professor Howland rera aides that 
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‘^with the high dieiiersion ” ein ployed by him Loclc- 
yer’e ‘basic-lines’ are widely broken uj) and ccaso to 
exist,” 

As has been already remarked, the case oJ; oxygon iw 
peculiar. The great A and B bands of the solar spnci- 
trum arc certainly due to tliiagas, as EgorolT first (loU- 
nitoly proved in 1883 ; but, as the cxpcrimonts and oV-* 
aervations of Janssen and others have since ubundantlx 
demonstrated, it is the oxygen of the caHNs atmosphoi'o 
and not oxygon in the sun that produces them; tlioy 
belong to a low-teinperaturo spectrum of the gas, aiitl 
not to the spectrum produced by the electric arc ox* 
spark. 

But in ISY'T the late Dr, Henry Draper, of h^o^v 
York, announced that he had discovered the prcscnco of 
oxygen in the sun, and he published photographs whi<^li 
show, in a very plausible maimer, the coincidenee lici- 
tween the bright lines of this element and certain 
spaces or bands in the solar spectrnm. His method tj f 
precedure was to form the spectrum of oxygen Dy 
means of sparks from a powerful induction-coil, worlccsil 
hy a dynamo-electric machine, itself driven by an en- 
gine. Those sparks passed between iron tcrminalB, in 
a little chamber wrought out of soapitguc, ^through wli iol t 
a current of pure oxygen w^aa forced nt atniosplioi’ici 
pressure nearly; sometimes, however, air was used in- 
stead, giving the same rosnlts, except that the spectimiii 
of nitrogen was then superadded to that of oxygen, 
Tim spectrum of this spark was photographed simuitivno- 
ously with that of the sun, tbo sunlight being brou^lit 
in through half the slit by a small reflector, and thuB t\ 
comparison was obtained, free from personal bias, be- 
tween the solar spectrum and that of the gas. Tho i roii 
lines, due to tho terminals, arc a great assistance in tent- 
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iig the adjustments. The oxygen lines produced in this 
^vay at atiuosplioric pressure are not so well defined as 
:li080 seen in tlio B])eotrum oX a Goisslor tube, but are 
ra.tlior broad and liazy. 

In the blue portion of tlie solar spectrum, which 
\lono is accessible to photography, the Fraunhofer linos 
•ire generally very numerous, close, and black; but here 
xiid there is an interval free, or comparatively free, 
fii'om lines. In a low-dispersion spcotroscope such an 
interval looks like a blight band, Now, almost every 
one of the doxen or so bright lines of oxygen, which 
tile photographs display, falls exactly against one of 
tlioso brighter interspaces, and it seems hardly probable 
tliat so many coincidences can bo merely duo to chance. 

Dr. Draper afterward ro])catDd the laborious and 
Gx pensive experiments in a still more elaborate manner, 
and with results entirely confirmatory. 

It is, however, extremely difllcult to explain how 
oxygon in the sun’s atmosphere can produce such an 

0 fioct in the ordinary solar spectrum while remaining 

1 nvisiblo in the spectrum of the chromosphere ; and the 
most careful search docs not show in it a single one of 
tAese Inlght oxygon-lines. "Wo say of i/tesd lines, boeauso 
Hr. Schuster has shown, with great probability, that a 
fllfforont oxygon spectrum, with only four bright lines 
ill it, has those four all roprosonted by dark linos in tho 
photosplioric spectrum, and two of the four in tho spec- 
ti'um of tho chromosphere. 

AVith high dispersive powers, tho “bright hands” 
of tho solar spectrum entirely lose their prominence, and 
are oven found to bo occupied by mnnorous lino dark 
linos. Dr. »lohn (J. Draper has suggested that those 
dark linos may bo tho true roprosontativos of oxygon. 

Still later photographic comparisons between tho 



solar BpcctrniTi and that of oxygon, mndc with high (Hh- 
■t)Grsive powers, in the Physical Jjahoraloi'y of llarvunl 
Oollogo and at other places, roiidor it certain tlnifc im 
coincidences of solar-lines with the bright lines in tlir 
line-H 2 >ctitruni of oxygen exist in the region eov'eruil i>y 
the photogra]dnc plates that woi'e used (X ,‘1,750 
X. 5,03i). Probably most sj)eetrus(5opist8 consider tliirf 
eonel naive as to the absoneo of oxygon from the soltir 
Bpootrnm : at tlie same time, as Ih’ofessor IMekorinig 1 »ih 
shrewdly said, “one would seareely expeet to recckgui/ai 
a frioml’s eonntenanco under iha 'Dm 

(lisenssion can hardly be considered as finally cdosinh 
j The lines of the Bolar speetrinn not only inform hh 
j.aQ to the presence or absence of bodies in the auhir 
I attiios])herej but give ns, to some extent, indioutionH 
to their physical condition, 'fho spectrum of a giv»Mi 
body, say hydrogen, varies very much in the rulalivt^ 
strength and brightness of its linos, according to tin* 
ciren install CCS of its production. If, for instance, Uin 
gas bo highly I'areficd, and the electric 8])ark, xvlnidi 
illiuniiiatos it, not too strong, the lines will he fiiui mnl 
sharp. Under higher jiressure and more intensn <Uh. 
cluu'gos, somo of thorn will hccome broad and ha/.y, ini«l 
now lines, before unseen, will make thoir a]ijwariim'i« 
So of other substances; and this a]>art from the fuel 
before stated, that a given element often has severnl fii 
tiroly dilforont spectra. Changes, such as huvo hm i 
mcuLioiiod, go on up to a eertain point, and tlum, nml 
doiily, an ontlroly new spectrum appears, 'not hiiviii| 
apparently the slightest connection with the one wliicl 
preceded it any move than if it came from an entindj 
difiloront clement or rnixtnvo of olemenis; us, in fuel 
according to Mr. Lockyor’s view, is ]n’ol)ably the {faati. 

Now, in fclio solar spectrum, the dark lines characUjj 
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istic of an element are all coincident with bright linos 
of its gaseous spectrum ; but it is often the case that 
the relative width and intensity of the solar-lines do not 
match those of tho bright lines in the spectrum ob- 
tained by artificial means. . In the spectrum of calcium, 
for instance, certain lines, which in our laboratory ex- 
periments are the most consj)iouous, are very faint upon 
tho sun, and others, which arc inconspicuous in the spark 
spectrum, are vastly more important on the solar sur- 
face. As. yet, wo are not able with certainty to inter- 
pret all these variations, but, in a general way, it may be 
said that they all point to tho conclusion that tho tem- 
perature of tho solar atmosphere is considerably higher ^ • 
than that of any of our ilames or electric arcs. 

8PEOTEOSCOPIO INDIOATIONS OF MOTION. 

At times, also, when tho motions of the solar atmos- 
phere become unusually intense, tho spectroscope ap- 
prises us of tho fact, and gives us tho means of deter- 
mining the rate at which tho moving masses are advanc- 
ing toward us or recoding from us. If a luminous 
body is approaching with a velocity at all comparable 
with that of light, \\\q pitch of tho light, if the expres- 
sion may bo allowed — its wave-length and number of 
vibrations per second— will bo changed and heightened 
just as in the case of sound. 

Most of our readers have probably noticed the curi- 
ous change in pitch of tho bell or whistle of a locomo- 
tive passing at full speed, especially if wo ourselves 
wore on a train moving in tho opposite direction. If 
tho velocity is great (about forty miles an hour for each 
of the trains) tho pitch will drop a full third. 

Tho explanation, first given by Doppler, of Prague, 
in 184:2, is simply this 1 If both wo and the locomotive 
8 
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carrying tlio boll wore at rest, wo slioiiM hear the bclhfl 
true sound, the pulsations following each other at I’Ogu- 
lar and the real intervals. If, now, we are rapidly ap- 
proaclung the boll, the interval of time between tho 
impact of each pulse upon tho car niul the following 
one will ho shortened, hecauso after any pulse has been 
received wo advance part way to meet tho next, and bo 
on collator it earlier than if wo had remained at rest. 
Kow, this interval of time between snecessive pulHationR 
is precisely what determines tho pitch of the Round t tho 
more pnlsationa there arc in a second the higher tho 
pitch. It is obvious that, if we remain at rest and the 
bell approaches as, the same offool will ho ])roducod, 
and that, if both are moving, the olfects will he added ; 
and, finally, it is clear that tho recession of tho hear or 
from tho bell will produce tho opposite offeot and lower 
its pitch, 

Just the same thing holds good of light ; it also con- 
sists of pulsations, and the rofrangibility of a ray and 
its if we may coin the word, both de- 

pend upon the number of pulsations per bogoiuI with 
which it reaches the diffracting or refracting surface. 
Tho move frequent tho pulsations tho more it will ho 
refracted, and tho less it will ho diffracted, If, then, 
wo wore swiftly approaching a mass, say of incandos- 
cent hydrogen, wo should Unci tho position of each of 
its charactoristie rays in tho spectrum alightly altered, 
and falling farther from tho red end of tho Bpoctvum 
(tho region of slow vibrations) than if we were at voRt. 
Ey comparing tho positions of tlieso lines with those 
obtained from a Goissler tube containing hydrogen, we 
conld And how much change was ju'odnced, and thero- 
foro how the velocity with which wo avo approaehing 
tho moving mass compares with that of light.* Simi- 
♦ 8»o Note D, ptvgQ 8 BO, 
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lai'ly, if the body wove advancing toward ns. And, vice 
mrsa^ if tho distance wore increasing, the lines wo\dd 
bo shifted downward in tho spectrum toward tlio red.* 

Eccauso tho velocity of light is exceedingly groat 
(more than 18(5,000 miles per second), it is evident that 
only very swift motions can produce any sensible dis- 
placement of lines in the spectrum. Since, however, 
in tho neighborhood of sun-spots and in tho solar prom- 
inences, wo frequently moot with masses of gas moving 
from thirty to fifty miles a second, and sometimes as 
much as tlireo hundred miles a second, it is not unusual, 
in working with the tclespoctroscopo, to observe tho dis- ' 
tortion and displacement of portions of h dark line 
which are produced by those motions, and indicate 
them. 

Tlie figure represents tho appearance of tho ' 0 line 
seen in tho spectrum of a sun-spot by tho writer on 
Sept. 22, 1870. The velocities indicated vary from two 
hundred and thirty to throe hundred and twenty miles 
per Booond ; the latter is seldom, if ever, exceeded. 

Bosults of this sort are so surprising that there have 
been many attempts to escape from them, and to ac- 
count for tho distortion of linos in some other way, but 

* The formula for computing tho change of wnvo-longth produced by a 
given volooity along tho lino of night la vory nhnplo. Lot \ bo the real wave- 
length of tho ray ; A', tho apparent wavodongth ns alTcotcd by the motion ; 
V, tlio voloclty of light (186,330 inilon a nccond) ; and v, tho rate at which 
tho diatanco bolwcon tho ohaorvor and tho source of light is increasing, 
tlion X'— X S3 , which may bo written A X s= X~. If tho diatanco ia 

ikerminfff » mnat bo tnlicn as and X' will bo loss than X. 

As an example, aupposo that near a snn-apot n mass of hydrogen is 
(ipproacIUnff m at tlic rate of 60 miles 0 second : liow ranch will the wnve- 
longlli of tho 0 lino (X s 6,668 units) bo diminished ? 

A X = 6,663 X TxiiSirff = MSil = 1*'?'^ Tliat is, tim 0 Hue will 
bo aidftod up (loword the blue) V1*1 units on tho scale of Uowlend’a map. 
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without any satisfactory success. Tlicre have been difli- 
cnlties raised also in regard to the mathematical thooi’.y 
of the matter. Those have heen met, however; aiitl 
what amounts to an experimental veriii cation of tlu> 
correctness of the I'eceivcd view has been roaclicd l).y 
mcasuremonts of the displacement of linos in the 6pc<^- 
tra of the eastern and western limbs of the sun. Tlio 
eastern limb is moving toward us, the western from tin. 


Km 2T. 
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in conscqiicnco of the snn’s rotation, each with a vo- 
locity of about ITC miles per second. The rcsnltiiifjc 
displacement of the linos is, of course, very slight — oii1_y 
about -riir distance between the two T) linen — 

blit, small as it is, it has been satisfactorily detected autl 
measured by sovoral observers — Zdllncr, Vogel, 
ley, and the writer, among the earlier. 

The values determined have ranged generally Bonio- 
what larger than 1*16. My own rosnlt was 1 '4-2 rh 0 ’ (,> T » 
and was obtained in ISYO with the first grating-apoctro- 
Bcopc used in astronomical work. 

A. later determination made by Grew, at Baltimoi»o, 
with a much more powerful instrument, gave 1 ‘18, 1 1 o 
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Ti\ost comploto and Ratisfactory scries of observations of 
tbis sort is, howevor, that made by Dnnor in 1887-80, 
"svhicli not only gave a good determination of the 
u n ’ s rp tati on _ per i o d, (2 5 ' 6 0 days) agr coin g cl osely v'i tli 
that deduced fi’om spot observations, but also brought 
out clearly the “c(|uatorial acceleration” (page 110). 

Ooruu luis made a beautiful application <jf this prin- 
ciple to enable one to discriminate immediately between 
the lines in the solar spectrum which arc really “solar” 
and the “ J^Hui'ic ” lines, which are due to our own at- 
?Tio^diere. A small image of the sun is formed upon 
the slit-])late of tlio spectroscope by a lens which can be 
ynado to swing back and forth iliroo or four times a 
riGcond. This makes the solar image oscillate across the’ 
elit-platc in an east and west direction, and to the ob- 
Borver all the true solar lines apjiear to quiver, while 
tlio telluric lines stand fast. 

In the motion-distortions of linos Lockyer finds 
Btrong confirmation of his ideas. It not unfrequontly 
happens that in the neiglihorliood of a spot certain of 
the lines which wo recognize ns belonging to the S]icc- 
trum of iron give evidence of violent motion, while, 
close to them, other linos, equally eliaracteristic of the 
laboratory spectrum of iron, show no disturbance at all. 
If wo admit that what we call the spectrum of iron is 
really formed in our o>{periments by the superposition 
of two or more spectra belonging to its constituents, 
and that on the sun those constituents are for the most 
part I'cstricted to diiloront regions of widely varying 
presBiiro, tcmpoj'atnro, and elevation, it liecomes easy to 
see how one set of tho lines may be alTeotod without the 
other. 

Ihit tho same facts arc also explicable on various 
other hypotheses, 
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SUIf-SPOT^ vIATJ Tim SOLAR SUJtFACBI. 

Omiiulntloii of Solnr Surface, — Views of Langley, Nasmitli, Sccohl, and 
othore. — Piiculra. — Nnluro of tlio Photosphere. — Janssen’s Photo- 
graphs of Solar Surf flee— the licfieau Phatospherique,- — Discovor^^ It*'*' 
Sim-Spota, — fionoral Appcarniico ami Structure of a Spot. — Its p'or- 
mation and Dlsappcnraiico. — Duration of Suu-Spots. — llemnrltalalo 
Plionomcna ohserved by Carrington and Hodgson, — Obsorvatlona of 
Potora, — Dimensions of Spots, — Proof that Spots arc Cavities, — Piiii- 
Hpot Spectrum, — “Veiled Spots,” — notation of Sun. — Kcpmtorliil Ac- 
celorntion.— Dxplanntlons of the Acceleration. — Position of Ptni’H 
Axis and Sccehi’s Tnblo for its Position-Angle at Different 'f ImoB of 
the Yeav. — Proper ilotiona of Spots. — Distribution of Spots. 

"WifEN tin oLsovver, iii’ovidcd with suitable tolc»coi>io 
appliaucofi, cxainincs the sui'facc of the sun, ho JfindB iv 
most iiitereatiiig hold before him. At lirst view, iix- 
deed, it is less impressive than the moon; there is not 
BO much to attract tlio im modi ate attention — no movm- 
taiii-rangCB and craters, no shadows, rills, or rays. 

But, if the telescope is a good ono and the atmoB- 
phei'ic condition 8 favorable, the details soon begin to 
come out ; tlio surf|ico is seen to be far from unifoi'in, 
composed of minute grains of intense brilliance and ir- 
regular form, Aoatirig in a darker medium, and avrangocl 
in streaks and groups. If the magnifying power oiia- 
ployed is rather low, the general effect of the surface 
much like that of rough drawing-paper, or of cni’dlcicl 
milk soon from a little distance; and, genorally speiilc- 
iiig, a low power is all that can bo used, bocause tlica 
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heat of the sun commonly keeps the air in a state of great 
disturbance, so that it is only occasionally that the solar 
surface can bo scrutinized with such powers as we con- 
tinually employ upon the moon and planets. But now 
and then times come — favorable minutes, and even hours 
— when the telescopic power can be pushed to its maxi- 
mum, and we get such views as that which Professor 
Langley has presented in the beautiful drawing of which 
our frontispiece is a reproduction. The grains, or “nod- 
ules,” as Herschol called them, are then seen to be ir- 
regularly rounded masses, measuring some hundreds of 
miles each way, sprinkled upon a less brilliant back- 
ground, and making much the same impression as snow- 
iiakes sparsely scattered over a grayish cloth, to use the 
comparison of Professor Langley. If the telescope has 
a diameter of not loss tlian nine inches, and if the see- 
ing is absolutely exquisite, tlieii these grains themselves 
are sometimes resolved into “ grannies,” little Inminons 
dots not more than a hundred miles or so in diameter, 
which, by tlieir aggregation, make up the grains, just as 
they ill their turn make up the coarser masses of the 
solar surface. Professor Langley estimates these gran- 
ules to constitute perhaps about one fifth of the surface 
of the sun, while they emit at least three quarters of the 
light. lie and Secehi seem to be so far the only ob- 
Borvors wbo have over fairly seen them. „ Tho “ grains ” 
have been known for years and described by many 
observers, but with some very embarrassing discrep- 
ancies. Nasmyth, in 'JSdl, doBCvibod them as “wil- 
low-leaves ” in shape, several thousand miles in length, 
but narrow, with pointed ends; and figured tho surface 
of tho sun as a sort of basket-work formed by the inter- 
weaving of such filaments. Pig. 28 is copied fronf one 
of his pictures. Ilis statement excited a good deal of 



OnoTJi* ov Sor.An Si>oxa onsBiivitB anii iinAvrir nv NA8MtTit(J«no5, 1804^ 




SUN-SPOTS AND THE SOLAR SURPAOE. 


105 


pretty •warm discuHsioti. Bawos entirely denied tlie 
existence of any sneli forms ; while Stone and Secchi 
nssigned them much smaller dimensions, and compared 
them to rice-grains. Ilnggins agreed completely with 
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ncitlier, but ropresentB the “ malcc-up ” of the solar sur- 
face by a drawing from which Fig. S9 is taken. This 
is mnjuostionably a very correct delineation of what is 
soon with a good toloscopo under cu'cmnstances fair, 
but not tho best possible. 
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On porLioTis of tlio sun’s (lisle, however, tho olement> 
ary striicturo is often composed of long, narrow, 
ended lilainonts, not so niucli like “ willow-leaves ” 
like bits of straw, lying voiiglily parallel to each other 
— a “thatch-straw” formation, as it has heen t'ulle<l» 
Tills is specially common in the pemmihrai of spots, oi* 
in their immediate neigliboihood. 

If one were to spociilate as to the explanation of lh<^ 
grains and tlmtcli-straws, it might he that tho grains Jir<% 
tho upper ends of long iihimcnts of Inminons elmni, 
Avhi oil, over most of the sun’s surfaiio, stand approxi- 
mately vertical, hut in the ponumhra oC a syKit are iu- 
cliiiod so as to lie nearly horizontal. This is not certain > 
though ; it may be that the cloud-masses over tho mort'!' 
quiet portions of tho solar surface arc really, as thi\V 
seem, nearly glohulai*, wliilo near the sjiots they ur*^ 
drawn out into lilamentary forms by atmosjihorie cur- 
rents. 

• 'Whatever tho explanation may ho, the appoaranro 
of tilings in the immediate neighborhood of a spot 
often pretty fairly ropresciUcd by Mr. Nasmyth’s ]iiof.- 
urcs, though that of Professor Langley m decndedljy’ 
innro nccurato in details, and represents far hotter mni- 
ings. 

Near the edges of tlio disk tho light falls oft vary 
rapidly, mul certain poculiar formations, called tho Lk?- 
ul03, are there much more noticeable than near tho cun- 
ter of tho disk. Theso faculro (Latin, “a littlo torc.li **} 
arc irregular streaks of greater hriglituoss than tho gun- 
oral Burfaeo, looking much liko tho flocks of foam wlut^l t 
mark tho surface of a stream below a watorfall. NTiit 
iinfrcquently they are from five to twenty thousiiiicl 
milofl in lougtli, covering areas immensely large)' thaw 
any torrestrial continent. 
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Tlio figure, taken from a photograph hy Do La Rue, 
givoB a reasonably correct idea of the general appear^ 
an CO of these objects, and of tlio darkening at the limb 
of the 8un. No woodcut, howuver, is (piite coinpctcnt 
to give the delicate flocculence of the details. 

Until lately these facuhe have been considered to he 
simply elevated portions of tlie photosphere— nionn lain- 
ouB billows of shining cloud which rise above the gem 


Fio. 80 . 



Bun-Si’oth AN]) PAaiii.iM, (Pi'om a Pliotogrflpli.) 


eral level, and protrude througli the denser portions of 
thp Bolar atinoBphorp. Occasionally, when one of them 
passes over the edge of the disk, it can be seen to pro- 
ject like a little tooth — the reader should not forgot, 
however, that the elevation, to bo pcrcepLible at all, 
must bo at least two hundi'od and twenty-five miles, or 
some forty-five times as high as any Himalaya. 

If they are elevations rieing from the jihotORphero, 
the reason why they are so much more conspicuous 
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near the limb is simply this : The luminous surface is 
covered, as has beon intimated before, with an atmos- 
phere which is not very thick compared with the di- 
mensions of the sun, but still suflicioiit to absorb a good 
deal of the light. TJght coming from the center of the 
disk penetrates this atmosplioro at<j, as is apparent from 
the figure, under tlio most favoraldo conditions, and is 
but slightly reduced in amount. The edges of the disk, 
on tlio other liand, are scon through a much greater 
thickness of atmosphere, as at and are, therefore, of 
course, inucli obscured, the amount of absorption being 
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by some obaorver.s put as high as seven ty-iivo per cent. 
If, now, to take an extreme case, wo suppose a facula 
higli enough to lift its summit (piito through tliis at- 
mosphere, it will itself suHor no dirainntion of brill- 
ianeo while the sun’s rotation carries it from the conter 
of tlio disk to the limb, but it will have passed from 
a background of brightness almost equal to its own, 
on which it would bo seen only with dilRculty, to 
another sevonty-flvo per cent, or so darker, and will 
thus hocomo very conspicuous. Wliat is true of faculco 
of such oxtromo dimensions is, of eourso, also measura' 
bly true of those of inferior elevation. Tho rocont pho- 
to-apoctrographic work of Halo and Doslandros suggests, 
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however, a difieront explanation of the faculfe. Their 
Bpcctnim (iis long ago frequently observed by the writer, 
>i)imaUi/) shows the groat 11 and 1C bands of ealcium 
always reversed by a thin bright lino running down the i 
inkUlle of eaeh ; and while the reversal directly over a ' 
jjpot is usually “ single,” it is usually “ double ” * in the ; 
faeulons region surrounding it — i. c., the bright lino is j 
ifcsolf double, as in Tig. 73, page 231. 

This makes it more or less probable that the' facuhe, 
instead of being more protrusions from the photosphere, 
are really luminous masses of calcium vapor floating 
in the solar atmosphere — possibly identical with the 
prominences thomsolvos. 


Fio. 81 *. 
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But Deslaiidros and Maunder dissent from this, and 
say that while those objects shown by the spectroscope 
avo clearly connected with the prominences, they are 
as clearly not identical with them. 

* Such double rovorenl la n very common plienomciion in laborntory 
uxpoi’ImontB upon motnlllo apootrn. 
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Fig, .3r^‘ is from ono of J^rofossor riiilo’s 
iioliographic ]:ilif)tograplJ8, mado by tho a])])artitnrt (U** 
scribed in Oliap. VI, jjago 233. 

Tlio Jaenlfio arc found to some extent over tho ^vlloki 
surface of tho sun, though only sparingly in tlio jTolfU' I’U- 
gions, but they are especially abundant in tho iniiiie<lin,ln 
Jioighborhood of R])uts, as Fig. 30 well shows. Thci'O iU‘<b 
however, numerous faciilm without neighboring Bjjofca. 

E.vecpt near the spots, the faculro change form, 
place, for the moat part, rather slowly, persisting' Bomo- 
times for several da^^s without any very apparent alter- 
ation. Still, close observation and micromotric intiaBiiiro' 
mont will always detect some movement or dofornm- 
tioii, even within an interval of only an hour or iyvo\ 
and near the spots the changes aro often so rai^icl >nnl 
extreme as to pusjxle even a skilled clrauglitBiTian lu 
keep up with them. 

Tin's, of course, shows that tho faculm aro not to bo 
identitied with monntaius ; they are not jmrmanonfc and 
stable, nor is the surface of the sun continental or oco- 
anio oven, but either a shoot of ilamo or of cloud I'olliJig 
and tossing, and never at rest. When we come to Btiuly 
the minute details of tho granulation, wo lind anovo- 
nients at tho rate of a thousand miles an hour to l>o tlio 
rule rather than the exception. 

And, althougli this is not tho proper place to treat 
the subject at length, wo may add that all wo can loam 
ns to the temperature and constitution of tho sun miiltoa 
it hat'dly less than certain that the visible surface, which 
is called thepliotosphevo, is just a sheet of solhhimiiioua 
cloud 1 precisely like the clouds of our own atmosphoro, 
with tho exception that the droplets oi water whioli 
constitute terrestrial clouds are replaced on tho btui by 
droi>s of molten niotal, and that tho solar atinosphoro in 
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wliicli thoy float is tlie flame of a burning, fiery furnace, 
raging with a fury ami an intensity beyond all liumaii 
conception. Looking at it ninety-three million miles 
away, wo fail at first to see, in such objects as faculm and 
granules, the evidence of suck commotion; but, when 
we convert our micromotric measurements of barely 
perceptible ebauges into miles and vole cities, and fig- 
ure tf) ourselves tbe scale of movement, wo gradually 
eomprebend their meaning, and begin to nndoratand 
wliat we are dealing with. 

A great advance in our knowledge of the structure 
of tlio solar surface was gained through the photograph- 
ic work of Janssen, mentioned in a previous chapter.* 
Many of bis pictures (in which the disk of the sun 
measuroB about eighteen inclios in diameter) show the 
details of the surface nearly if not cpiite as well as any 
visual observations; and with the advantage that, while 
the ohserver with the eye could only command a small 
field of view, one can, on these photographic plates, 
command the whole at once, and catch tlio relations of. 
diJTorent parts. On examining one of those magnifi- 
cent plates, one is at first struck with a sort of “amudg- 
iness” (to use the expression of Mr. Huggins in do- 
serihing them), which might give the impression that 
it was not properly cleaned before coating with the 
collodion. A closer examination, liowovor, allows that 
tho pocnliarity is not in the plate hut in tlio imago ; 
/ there are patches of clear definition, lialf an inch or so 
/ in diameter upon a picture of tho sij^o mentioned, sop- 
/ aratod by streaks and patches whore everything is in- 
/ distinct and confused, ^ 

I One might naturally attribute tliis to the disturbance 
of tho air in. tho tolescopo-tuho, and to clouds of vapor 
* Soo pago D2. 
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vising from the damp collodion surface when struck 
the Hash of sunlight during its exj^osuro ; but JansBcn 
has found that pictures taken in immediate succession 
show the same “.smudges” .on the same parts of the 
sun, which, of course, would not happen if they were 
the result of accidental currents of air or vapor in the 
tplcscopo-tubo. lie infers, therefore, that the phononie- 
^'-'iion is solar, and has given it the name of the Jieseau 
Photospheriguey or “.Phqtpspheric...Eeticulati since 
ijilio streaks and patches of indistinctness cover the sur- 
jfacc like a not. 

' Tlie discovery of tins feature in the structure of the 
solar surface is among the most interesting and im- 
, portant results of astronomical photogra]ihy. 

While pictures taken in immediate succession ex- 
hibit the same details of reticulation, those taken at 
inteiwals of an hour or two show groat changes, es- 
pecially near spots and faculro. Wo prosont on the 
opposite page a pair of such photographs, borrowed 
from the “ Annuairo ” of the Bureau of Longitudes for 
18Y9. The original ])ictures wore taken by tTansson, at 
Meiidon, on Juno 1, 1878, with an interval of fifty min- 
utes between them. Thoy show clearly the peculiar 
characteristics of the reseau photospherigiiSy as well as 
the nature and extent of the changes which occur in so 
short a time. Oomparo, especially, the granulation in 
the lower right-hand corner of each picture, and imme- 
diately around the upper spot, remomboring all the 
while that the scale of the jneture is about forty-six 
thousand miles to the inch, and that the little spot at 
the top of the figure is nearly seven thousand miles in 
diameter. 

The idea of M. Janssen is that the regions of indis- 
tinctness are those whore wo look down upon, the sur-' 
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face thi’ongli a portion of the Bun’s atmoepliero whicli 
is at tlie inoiuont especially agitated, while the parts 
where the details of the granulation are clear and well 
detined are those which, at the moment, are covered 
by an atmosphere unusually quiet and homogeneous. 
These regions are continually interchanging with each 
other, just as areas of storm and fine weather sweep over 
the surface of the earth, but with inconceivably greater 
swiftness, 

It is not, however, certain that the disturbed por- 
tions of the solar atmosphere, which produce the in- 
distinctness in question, lie near the sun’s surface. It 
may be that they are high up, and it would not be an un- 
reasonable conjecture to suppose that the streamers and 
luminous masses of the corona may bo concerned in the 
phenomenon ; it is almost certain tliat any groat aggrega^* 
lion of chromospheric matter would modify the appear- 
anco of whatever might be situated beneath it. The 
simple fact is, of course, that we are looking down upon 
tho grannies and other features of the sun’s surface, not 
through an atmosphere shallow, cool, and quiet like tho 
earth’s, but through an envelope of matter, partly gase- 
ous and partly, perhaps, pulverulent oi' smoke-like, many 
thousand miles in dej^tli, and always most profoundly 
and violently agitated. 

But, if there happens to ho a well-formed group of 
spots upon the solar surface, they will bo sure to claim 
the attention of one who, for the first time, looks at the 
sun through the tolescopo, quite to tho exclusion of 
everything else. The umbra, with its central nncloi, 
and overlying bridges, veils, and clouds ; tho penumbra, 
with its delicate stmeture of filaments and plumes ; tho 
surrounding faculoe and tho agitated surface of tho pho- 
tosphere ill the whole neighborhood of the disturbance ; 
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al)Ovo all, tlio continual eluingc and progress of jilit?- 
nonxena- — coinljinc to make a lino sun-spot one of tlio 
most ’beautiful and intensely interesting of teleseoixltf 
objects. 

Even before tlie days of telescopes there are nmiioi'" 
ous records of dark spots seen by the naked eye n]>oii 
the disk of the sun, eBpocially in the annals of tlio (Jlii-” 
nese. In the year 807 a, n., a large spot unis visihlt? in 
Europe for some eight days, and was supposed by iiuniy 
to be the planet Mcrcxn’y, as was the case with a 
ohsorvod hy Kepler in 1000 ; indeed, in all eases wliar^i.* 
such appearances were noted, they were invariably !»«- 
cribed to bodies intorvoning between the earth and tlitj 
sun. The idea of such imperfections uixon the dinlv of 
a colostial body was utterly repugnant to the thcolog^i- 
cal pbilosopliy of the middle ages, and was adiixitto*! 
only slowly and grudgingly even after the demon Htra> 
tion of the fact was complete. 

In 1610 and 1611 tlio discovery seems to have btitni 
made independently by Eabiicms, Seheinei’, and ( » ivti-* 
leo — Eftbi’icius, according to our modern rules of sciioii- 
tiiie priority, being entitled to the credit as the llrrtb tt* 
publish the fact in a work, “ be Mac.ulis in Solo Ohne^r- 
vatis,” which appeared at "Wittenberg in Juno, 1(1 1 1- 
Tho discovery was, of course, a nocossary corollary tt> 
the invention of the telescope, which iirst oame into TJKii 
in Holland in 1008 or 1009. Eabrieius’s first obnorvit-' 
tion was made in Dccemhor, 1610. Clalileo, in a loH'tn' 
responding to the account of Schoiuoris diRcovciy, ntitl 
published early in 1612, claims to have seen Um Buri- 
spots with Ixis nowly-construetod tolescsopo as early «« 
October, 1610, Scheiner appears to have first seen Kiiti'. 
spots at Ingolstadt in kfaveh, 1611; but; his oeeloslartti- 
cal superior warned him against believing bis own oyaa 
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in opposition to tlio autliority of Aristotle, and it was 
not until Novoinbor and December tlijit lie publislied 
an account of the matter in three letters to one Welser, 
a burgomaster of Augsburg, some months after the ivork 
of Fabriciiis had boon printed. There is no reason 
whatever to doubt the word of Galileo, and his experi- 
ence in losing the credit of this discovery, in conse- 
quence of his slowness of publication, seems to have 
boon the origin of his curious method of publishing his 
subsequent discoveries in the form of anagrams, the in- 
terpretation of which was withhold for a time. 

At the very outset of his observations, Fabricius, as 
well as Galileo, recognized that the spots are objects 
upon the surface of the sun, and that this body rotates 
on its axis, carrying them with it. Scheiner at first 
maintained that they were planets moving very near 
the sun, but not in contact with it. Many shared this 
opinion, and Tardd, a French astronomer, went so far 
as to name them the Bourbonian stars, in honor of the 
Bourbon dynasty. Schoiner’s further observations soon 
convinced him, however, of the correctness of Galileo’s 
opinion and arguments. Some twenty years later 
Soboinor published an enormous volume, the “Kosa 
XTrsina,” containing an account of his observations and 
apparatus. His telescope was mounted equatorially, and 
arranged to throw the sun’s imago upon a screen in pre- 
cisely the manner employed by some of the best mod- 
ern observers. He determined the time of the sun’s 
rotation and the position of his equator with a very 
creditable degree of accuracy. 

Since then observations upon those objects have 
boon more or loss kept up all the time, but not with 
any regular assiduity until within the last thirty years. 
It was soon found that they are only transitory and 
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cloaid-liko in thoir nature, and interest in them thoro- 
fore flagged, until tlioir relations to the constitution oi 
the sun began to bo rocognixed. 

A 'wcil-fornicd solar spot consists, generally sponlc-* 
ing, of two portions— a very dark, irregnliir, eontrn.1 
portion called the umbra, surrounded by a sbado 
fringe called the penumbra, less dark, and for the niont 
part made up of lilaiuonts dirceted radially inwni’tl. 
The appear^nco of things, under ordinary circunislaiu''t’H 
of Bcoing, is as if the umbra were a hole, and tlio fuJ- 
numbral fllameuts overluiug and jmrtly aliudod it fvoiii 
, our view, like bushes at tlm mouth of a cavern. I 
m and very possibly this is the actual case, the ct-m- 


Pro. D«. 
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ti’al portion being a real cavity filled with loss luniiiUMiH 
matter, and depressed below tlio general level of llio 
pliotoBphero, while the pomiinbra overhangs the ocl^o. 

TJio figure, copied from Hccchi, is ii fair roproBCMi- 
tation of such a spot, and may bo compared witlii th« 
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pliotographs of Janssoo, which oxlnbit pretty iniieh tho 
same peculiarities, though with less of iniuuto detail. 
Tho drawings of Naaniylh and Langley show ao much 
more of tho detail than is oi'dinarily seen, that they are 
really less satisfactory representations of what one may 
expect when he observes a spot for tho first time. Sev- 
eral ])oints at once strike tho attention. In the first 
place, the nearly circular form of the spot, which is the 
ordinary form during the middle life of one of these 
objects. While forming, and when on the point of dis- 
appearing, it is usually imudi more irregular. It is to 
be noticed also that there is nothing like a gradual 
shading off, either between tho umbra and the penum- 
bra or between tho penumbra and the surrounding por- 
tions of tiio photosphere ; on tho contrary, the lino of 
separation is strongly marked in each case, tho penum- 
bra being mncli brighter at tho inner edge, and darker 
at tlie outer, so that it contrasts distinctly both with the 
umhra and with tlio neighboring surface of tho sun. 
Tills briglitncss of the inner penumbra seems to bo duo 
to the crowding together of tho ponumhral filaments 
whore they overluvng tho nmbra. Again, it is observ- 
able that there is a general antithoais between the irreg- 
ularities of tho contour of the (mtor and inner edges of 
tho penumbra. For tho most part, where an angle of 
the ponumbral matter crowds in upon the umbra, it is 
matched by a corresponding outward extension into the 
photosphere, and mGe mrsa. It is noticeable also that 
many of tho ponumbral filaments are terminated by 
little detached grains of luminous matter, and there are 
also fainter veils of a substance less brilliant, but some- 
times roso-coloi’od, which scorn to float above tho um- 
bra. Otherwise tho umbra in the figure appears to be 

* Soo frontiapicco, and pngo lOt, 
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iinifoniily darlc ;* but, H woliadbeon actually obsorviii-f? 
the object on the 10th of July, 1866, when this piot- 
ure was made, we should have found even the uini>i’ti- 
full of detail — made up of cloudy masses of a bnlliai^<’0 
really iutenso, and dark only by contrast with the flfcill 
iutensei* brightness of the solar surface, as becomos svx>’' 
parent when the light from other portions is oxolmlo<l. 
Probably we should have been able also to duttu^t 
among those clouds one or more of the minute oireiilii*.* 
spots, first discovered .by Bawos, much darker than fclio 
rest of tlie umbra,' and looking like the mouths of 
lar orifices penetrating to unknown depths. 

If we were able to continue our watch for somo 
time, wo should sec the details continually changiti,^. 
The faint veils of overlying cirrus would probably uvol fc 
away, and be replaced by others in some difloronfc X^o- 
sitioii ; the bright granules at the tips of the ponuniUi'iil 
filaments would seem to sink and dissolve, and 
portions would break off to rojdaeo them. Wo sUoxiltl 
find a continual indraught of the luminous matter o vor 
the whole extent of the iienmuhra. Almost certainly 
the spot would change its form and size, quite porciop- 
tihly from day to day, and sometimes even from lioiii* 
to hour. Of course, wo shordd find it steadily moviiipf 
over tho solar disk from the cast toward the west, uixcl 
as it neared the edge it would become apparently ol H x>- 

*Tho mnbm ftppoat’S not blnclt, but of a (loop purplish Hut. Tt Im 
quusUonnblc, however, whether this color is real, or only chio to tli« 
ondnry spectrum of the toloscopo objccUglass. Tho principal ronscjii tor 
suspecting this to bo tho ease is in the fuel tlmt, during a IrniiHVl of 
Jloroury or Venus, tho planet’s disk ia found to proaont proolacly tho 
same tint, while tliero is' no Imnglunblo exphmation for Its really holing 
anytliing but hlnok, It is certain, loo, ou optical grounds, tliivt. fmy 
ordinary objcol-glass mws/ show a purplish fringe oxtonding Inward over 
any dark spot upon a wbito background, 
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fcical in form ; tlic ponnniLra on tlio edge of tlio spot 
iioarest the center of the B\in would grow narrower 
and, perhaps, disappear entirely, and at last the spot, 
appearing like a mere lino of darkiioss, hut probably 
aceoinpauied by an attendant crowd of faeulte, would 
pass out of sight boliind the limb, perhaps to reappear 
again after a fortnight at the eastern edge. I say pci’'- 
luips, because, quite as often as not, these short-lived 
objects are seen but once, not lasting through even a 
single revolution of the sun. 

The average life of a sun-spot may be taken as two 
or three luonths; the longest yet on record is that of 
a spot ohserved in 18-10 and 1811, which lasted eigh- 
teen months. There arc cases, however, whore the dia- 
appGctrance of a spot is very soon followed by the ap- 
p<}aran(;o of another at the same point, and soinotiincs 
this altin’iiato disappearance and r(ja])poHrance is sovcral 
limes repeated, AVbilc some spots are thus long-lived, 
others, liowever, endure only for a day or two, and 
.aomotimes only for a few boura. 

Tlio spots usnally apjieav not singly, but in groups— 
at least, isolated spots of any size are leas common than 
gron)>s. Y(u*y often a large 8])ot is followed upon tlio 
eastern side hy a train of smaller ones ; many of which, 
in such a case, are apt to ho very imperfect in strncturo, 
Bometiiues showing no umbra at all, often liaviug a po- 
numbrn only upon one side, and usually irregular in 
form. It is noticeable, also, that in such cases, when 
any eonsidorablo ehango of form or structure shows 
itself in the principal 8])ot of a group, it seems to rush 
forward (westward) upon tlio solar surface, leaving its 
attendants trailing behind. When a largo spot divides 
into two or more, as often happens, the parts usually 
8com to repel each other and lly asunder with groat 
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velocity — groat, that is, if reckoned in miles per liour, 
though, of course, to a telescopic observer the motion 
is very slow, since one can only barely see upon the 
Bun^s surface a change of place amounting to two huii- 
ilred miles, even with a very high magnifying power. 
Velocities of three or fonr hundred miles an. hour are 
usual, and velocities of one thousand miles, and even 
more, are by no means oxccptioiiah 

At tlmoH, though very rarely, a different phenome- 
non oP the most surprising and startling character ap- 
]ieai's in connection with these objects ; patclics of in- 
tenso brightness suddenly break out, remaining visible 
for a few mi mites, moving, while they last, with veloei- 
tics as groat as one hundred miles a second. 

One of those events has become classical. It oc* 
ciirrcd on the forenoon (Greenwich time) of Septem- 
ber 1, 1859, and was independently witncsBcd by two 
well-known and reliable observers, Mr. Oarrington and 
Mr. lioclgson, whoso accounts of the matter may bo 
found in the monthly notices of the Royal Astronomi- 
cal Society for Movemher, 1859, Mr. Oarrington at 
the time was making his usual daily observation upon 
the position, configuration, and sijco of tlio spots by 
means of an imago of the solar disk upon a screen, 
being then engaged upon that eight years’ series of 
observations which lies at the foundation of so much 
of our present solar science. Mr. Hodgson, at a dis- 
tance of many miles, was at the same time sketching 
details of sun-spot Btriictuvo by means of a solar oyo- 
picco and shade-glass./ They simnltanconsly saw two 
juininoiis objects, shap^ something like two now moons, 
each about eight thousand miles in length and t^vo thoti- 
sand wide, at a distance of some twelve thousand miles 
from each other. Those burst suddenly into sight at 
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the edge of a great siiu-siiot, with a dazzling brightness 
at least live or six times that of the neighboring por- 
tions of the photosphere, and moved eastward over the 
spot in parallel linos, growing smaller and fainter, until 
in about iivo minutes they disappeared, after traversing 
a eoiirse of nearly tliirty-six thousand miles. Their pas- 
sage (lid not seem in any way to change the configura- 
tion of the spot over which they passed. Mr. Carring- 
ton found his drawing, which was completed just before 
tliey a])peared, still (luUo correct after they had vanishedlj 
Of course, it is possible to (piostion the connection be- 
tween this phenomenon and the spot near which it a])- 
pcared ; but, as somewhat similar appearances have boon 
seen by other observers since then, and always in the 
neighborhood of spots, it is probable that there is some 
relation in the case. Opinions have dilfored widely as 
to the explanation. Some have maintained that the 
phenomenon was simply duo to the fall of a couple of 
immense meteors into the sun’s atmosphere, others that 
it was caused by some sudden and powerful eruption 
from beneath, such as the spectroscope often reveals to 
us nowadays 5 an eruption, however, of most unusual 
biillianco and violence, for not one of the outbursts since 
then observed by the spectroscope has ever been visible 
without its aid. 

O’ho event occurred in the midst of a remarkable 
magnetic storm : from August 28th to Sei)tomber 4-th 
there were auroras every night all over the world, and 
tlio earth currents were oftop so strong as greatly 
to interforo with telegraphic communicati< 3 n. On the 
night of Soptombor Ist, howevor, as Mr. Ellis has lately 
shown from tho original records, the magnotic disturb- 
ance was not specially intense, so that the occurrencG 
observed by Carrington and Hodgson could not have 
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been tlie cause of the mngnetio storm — ^inore likely it 
\vas a conseiiueiice, if tlioro was any coniioetion. 

rrhoro is no regular process for tlio formation of Jt 
spotV Sometimes it is gradual, requiring days or ov’oii 
weeks for its full development, and sometimes a BiiifJflo 
day suffices. Generally, for some time he fore the iip- 
penranco of the spot, there is an evident disUirhamuj of 
the solar surface, manifested especially by the ]n*es(5ii<us 
I of numerous and brilliant facnlio,* among whicdi, 
“pores” or niinuto black dots are scatteretl. TIion«> 
enlarge, and between them a[)]>ear grayish patebes, up* 
jmrently caused by a dark mass lying veiled below u 
thin layer of Ininiuoiis filaments. The veil grows grad* 
nally tbinnor, and vanishes, giving ns at last the ctini- 
pleted spot with its perfect penumbra. The “ poroH,” 
some of them, coalesce with the principal spot, atiuui 
disappear, and others constitute the atlondant train. 
‘VV’bou the spot ii^ once completely formed, it tissninoH 
usually an approximately circular form, and j’onuiiiiH 
without striking ebango until its dissolution. As its 
cud approaclies, the Burroundiiig pbotospliore seems to 
crowd ill upon and cover and overwbobn tlic penumbi’a. 
JhidgGS of light, often many times lirigbter than fclio 
average of the solar surface, push across the umbra, tliu 
arrangoinont of the penumbra iilaments hocomes con- 
fused, and, as Socebi expresses it, the luminous matter 
of the photosphere seems tumble ])plbmcllJnto..tUo 
•cbasin, which disappears and loaves a disturlicd Kurfiico 
marked with facnlro, which in tlioir turn subside after a 
time. As intimated before, however, the disturbanco in 
not unfroqnontly renewed at the same point after Iv few 
clays, and a fresh spot appears just whore the old ouo 
was overwhelmed, j 

* This Is aeoolti’'B view. Loolcycr iimlnlftinB llmt the spots appoar bo- 
loro tlic fnculm. 
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Wo transoi'ibo from a paper by the Into Dr. Peters, 
of Hamilton College, a very graphic aceoinit of the ap- 
po'aranco ami decay of corLuiii siin-s])ols, based upon bis 
observations at Naples in 1845-1(1. It is priiit(3d in 
Volume IX of the “ Proccodiiigs of the Anioriean As- 
sociation for the Advancement of Science.” He says: 

, “Tlio spota ni'iso from inaonsiblo points, so tiint tlio exiiot 
moment of (lioir origin can not bo fitaled; but they gmw very 
rapidly in tlio boginiilng, nml almost always in less tliuii a day 
they nrrivo at their moxlnuim of size. Tlion tlioy are stubionnry, 
I would sa) in Ibo vigorous opoeb of llioir lifo, with a well-definucl 
penumbra of rcgnlar and ratbor simiilo slinpo. Bo lliey mistniii 
tliemsolves for ten, twenty, and some o\'cn for fifty days, ’flien 
the note bos in tlio margin, wliiob, with a lilgh magnifying power, 
always apiioar somewhat serrate, grow deeper, to snob a degree 
that the penumbra in some parts becomes intorrupled by strniglib 
and narrow luminous tracks — already tlio period of (lociidonee is 
npproaoblng. This begins with the following liigbly in t cresting 
phenomenon : Two of the notolies from opposite aides step for- 
ward into tlic area, over-roofing oven a part of the nuolniiB; and 
suddenly from their prominent pointa fliislios go mil, mceling 
oaoh other on their way, hanging togebbor for a moment, then 
breaking ofi* and roooding to their pointn of starting. Soon this 
elootrio play begins aiiov^ and oonlimtes fur a few minutes, ending 
finally with tlio connootion of tlio two no tel les, thus establishing a 
bridge, and dividing the i-pot in two parts, Only once I Imd the 
fortune to witness the ooourronoo between iltree advance <1 points. 
Hero, from the point A a (lash proceeded toward H, which sent 
forth a ray to moot the former when this lind arrived very near. 
Soon this seemed antiiratod, and was suddenly rcpollui! ; however, 
it did not retire, but bent' wiili a sudden swing toward O; tiicii 
Again, in tlio same manner, ns by ropiilsbm and nttrnction, it re- 
turned to B } and, after linving thus oscillated for several ttiiies, A 
adborod at last porinnontly f*’ B, The flashes proceeded with 
groat speed, but not so that the eye might not follow them di.s- 
tiuotly. By an oatimntlon of time and the known dimoneion of 
space traversed, nt least an under limit of tlio velocity niny bo 
tbund j thus, 1 oomputo this volooity to bo not loss than two huii' 
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clrod millions of motroa (or about one bund rod and twenty thou- 
aand miles) in a aeoond {sic). 

“The proooss described is nccomplislied in the bijjlicr photo- 
spliorc, and sooms not to niToct at all the lower or dark ntmos- 
pUere. With it n second, or rather a third, period in the spot’s 
life has boyun, that of disaoliition, wliioh lasts sometimes for ten 
or twenty days, during which time the corapoiionts are again sub- 
divided, while tho otlior jiartB of the luminous margin, too, are 
pressing, diminishing, and finally overcasting tho whole, thus end- 
ing tho opliemoral esistonco of tlio spot. 

“Ilathor a good olianoo is required for observing the romark- 
ablo phonoinonon which introduces tho covering process, since it 
is achieved in a few minutes, and it demands, moreover, a por- 
footly calm atmosplioro, in order not to bo confounded with a 
Jdnd of scintillation wliich is perceived very often in tho spots, 
especially with fatigued eyes. Tho observer ought to watch for 
it under otherwise favorable oironmstnnces when a largo and ten- 
or twonty-days’-old spot begins to sliow strong indentations on 
the margin.” 

Dr. Poters, so far ns wo know, is tho only obfiorvor 
who describes the remarkable phonomenon JI.a8/ies 
extending across an umbra with electrical velocity ; and 
for this reason, and becanso liis instnimont was not of 
tho liighest power — a thrco-aud-a-half-inch refractor — 
perhaps liis ncconnt must bo received with a little re- 
serve until further con linn ed, At the same time, there 
is nothing in the nature of tlio sun, or of a sun-spot, so 
far as nt present known, to make tlie statement in itself 
impossible; and certainly Dr. Peters holds deservedly 
a very high rank among astronomers for aoiitonosB and 
accuracy of observation and description. 

It must not bo understood that tho life -history of a 
spot, just sketched, applies to all, or oven with oxact- 
noss to a majority, of them. Almost every ono has its 
own idiosynorasioB, departing in some respect or other 
from tho usual course of things. Spots of nnnsual mag- 
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nitude and activity often seem to have no quiet middle 
life ; there is no time in their history when thoy are not 
doing something or other surprising, and more or loss 
unprecedented. 

We have spoken of the fllainents whieli compose - 
the penumbra as directed inward toward the center of 
the spot. This is the general rule, but the exceptions 
are numerous, and nothing can show better than Pro- 
fessor Langley’s exquisite drawing how wide the di- 
vergence often is from this law. While at the left- 
hand and upper portions of the groat spot (which, 
though “ typical,” is not a specimen of a quiescent spot) 
the filaments present the ordinary appearance, at the 
lower edge and upon the great overhanging branch 
thoy are arranged very differently. Very curious, and 
m'«, also, though wo have ourselves seen a similar thing 
on two or three occasions, is the featliery brush which 
reaches in below tho “ branch,” so closely resembling a 
frost-orystal upon the window-pane in a winter’s morn- 
ing. What may bo the cause of such formations it is 
now quite impossible to say. Probably analogies drawn 
from our terrestrial clouds will go further toward an 
explanation than any others yet proposed. 

Usually the pemimbral filaments are brightest at tho 
inner end where they apparently project over the um- 
bra, and under ordinary circumstances of vision the end 
appears blunt and even club-shaped. 

With the great twonty-three-inoh telescope at Prince- 
ton, and on a few occasions, when the seeing has been 
fine enough to permit the use of powers of from six hun- 
dred and upward, tho writer has found that, in many 
oases at least, tho apparently club-like, almost bulbous, 
ends of tho pemimbral filaments are really line, sharp- 
pointed hooks, reminding one of tho curling tips of 
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Ilaiuos, or grass-blades bonding over. Ordinarily they 
aro scon as olub-liko, simjdy bccansc of their brightness 
and the irradiation and diH'ractioii oiTeGts of moderate- 
•sized object-glasses. 

Not un frequently the pcnninbral iilamonts are curved 
and spirally arranged, showing a marked cyclonic action. 
In such cases the whole sjiot usually turns slowly around, 
Houietiinos completing an on tiro revolution in a few days. 
More frequently, however, tho spiral motion persists 
but a short time, and occasionall}'', after contimnng for 
a while in one direction, the motion is rcvci’sed, Voi'y 
of ton, in spots of considerable extent, tboro are opposite 
Bj)iral movements in dilTerent portions of tlio umbra; 
indeed, this is I'ather tlio rule tliau tho exception. Neigh- 
boring spots show no tendency to rotate in tho same 
direction. The number of spots in which a decided 
cyclonki motion appears is relatively rpiite small, not 
exceeding, according to tho observations of Carrington 
and Sccclii, more than two or three per cent, of tho 
wliolo, Of course, tlioso facts are sufficient to show 
that this kind of motion, when it occurs, is not attribut- 
able to anything lilco that action of the terrestrial atmos- 
phere -which clotormincs tho right- and loft-handod 
rotation of onr groat storms in the soiithorn and nortlioru 
]icinis]>liorG8. It is probably causocl in sun-spots by 
merely accidental circmnstances wliich convert tho po- 
inimhrnl indraught into a whirl of no groat rajudity or 
cortfiin direction. It does not scorn possible to find in 
this occasional cyclonic motion, as Fayo attempts to do, 
tho key and explanation of fclio wliolo series of sun-spot 
])lionomona. 

Tho dimensions of sun-spots arc so mo times enor- 
mous. Many groups have liueii observed covering 
areas of moro than one hundred thousand miles square, 
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and single spots liavo been known to iiieusuro forty or 
fifty thonsaiul miles in diainotor, tlie eciitral umbra 
alone being twenty>fivo or thirty thousand miles across. 
A S 2 )otj however, measuring tliirty tliousand miles over 
all, would bo considered large rather tlian small. 

An object of this size upon the sun’s surface can 
easily be seen without a telesco])e when the brightness 
is reduced cither by clouds, or nearness to the horizon, 
or by the use of a sliado-glass. At the transit of Venus, 
in 1882, every one saw the planet I’eadily without tele- 
SCO] no aid. Her apparent diameter was about 07" at 
the time, which is equivalent to about thirty one thou- 
eand miles on the solar surface, Probably a vei’y keen 
eye would detect a spot meaaui'ing not more than twenty- 
three or twenty-four thonsaud miles. 

Hardly a year passes, at times wlicn spots are niimor- 
ms, witliout furnishing several as large as this ; so that 
it is rather surprising than otherwise that we have not 
a greater number of sun-spot records in the pro tele- 
scopic centuries, The explanation pi’obably lies in two 
things: the sun is too bright to be often or easily looked 
at, and when spots wore seen they would be likely to 
bo tnlcen for optical illusions rather than realities. 

During the years 1871 and 1872 sjiots wore visible 
to the naked eye for a coiisidorable portion of the time. 
On several occasions pupils of the writer have noticed 
thorn of their own accord, without having had thoir at- 
tention previously directed to the matter. 

The largest spot yet recorded was observed in 1868. 
/j It had a breadth of more than one hundred and forty- 
three, thousand miles, or nearly eighteen times the diani- 
^\’)tor of the earth, and covered about one thirty-sixth of 
tho whole surface of the sun. Other very largo ones 
appeared in 1892 and 1893. 
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Fig. 33, taken by the pnblislicr’s ijermissioii from 
Flaminarion’s Popular Astronomy, ropresonts a very 


Fig. 88. 
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large and interesting spot which appeared in October, 
1883. It is from the drawings of Tacchini. Kpet- 
troB. Ital., Vol. XIII. 

NATUinS OF THK SPOTS. 

It has boon intimated that the s]) 0 t 8 are de pre ssioiia 
\ boLarg-th g general level of the solar surfaco. For inoro 
than a century this has been the nccoptod doctrine, and 
it is probably correct ; at the same time it can hardly bo 
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regarded as absolutely settled, since it has been called in 
question recently by high aiithoritios, and is still de- 
bated. In .Occoiubor, 1894, Mr. Hewlett, who has boon, 
for more than thirty years a persistent observer of the 
sun, presented to tlio Royal Astronomical Society all 
his sun-spot drawings, several thousand in niimbor, and 
covering the whole period from 1859 to 1893, lie took 
the opportunity to express very strongly his opinion 
that the facts arc against the theory that the spots are 
“hollows” as usually supposed, and was supported in 
his view by a number of ^ood observers, who made it 
clear that if the B])ot8 are really depressed at all, they 
must he very shallow compared with their dianioter. 

The idea was iirst clearly brought out by Dr. AYil- 
son, of Glasgow, in 1709, and his dcmoiistration was 
based upon the behavior of the penumbra of a spot 
which lie observed iii Rovomber of that year. He 
found that, when the spot appeared at the eastern limb 
or edge of the Biin, just moving into sight, the penum- 
bra was well marked on the side of the spot nearest to 
the edge of tho disk, whilo on the othor edge of the 
spot, that next tho center, there was no penumbra vis- 
ible at all, and tho umbra itself was almost hidden, as 
if behind a liank, When tho spot had moved a day’s 
journey fartlioi* inward toward tho center of the disk, 
tho whole of tho uinhra came into sight, and the pe- 
numbra on the inner edge of the spot began to bo visible 
as a narrow lino. After tho spot was well nclvaneod 
upon tho disk, tho penumbra was of tho same width all 
around tho spot; hut, when tho spot approached tho 
sun’s western limb, tho same phonomona wore repeated 
as at tho eastern — that is, tlio pouumbra on tlio mne7 
edge of tho spot narrowed much faster than that on 
tho outer, disappeared entirely, and finally Beomed to 
10 
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hide from sight much of the umbra, nearly a whole day 
before the spot passed from view around tlic limb. Of 
course, it is hardly necessary to point out what the 
ure at once niLdces ovidont, that this is precisely tlio way 
things would go if the spot were a saucer-shaped do- 
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pression in the sun’s surface, the bottom of the saucer 
corresponding to the nmbra, and the sloping sides t( i 
the penumbra. 

The observation of a single spot would havilly 
settle the question, hccauso wo froquoutly have sputB 
with a one-aided penumbra. In fact, when s])otH nrc.!> 
either in the process of formation or of dissolution 
the penumbra is seldom of m\iforin widtli all around* 
Bo Laliue, Stewart, and Loewy mado, therefore, soino 
years ago, a careful discussion of something more tlinii 
six hundred cases of spots, with moasiirablo pcnuin- 
broo, and found that, in a little over sovontydivo imr 
cent, of all the cases, the poinunbra wna widest on tha 
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edge of the spot neai’ost tlio limb, as "Wilson’s theory 
requires; in a little more than twelve per cent, there 
was no noticeable diiTerence; and in the remaining 
twelve per cent, it was widest on the inner edge. 
Father Sidgreaves, on the other hand, in following uj) 
the discussion raised by Mr. Ilowlctt, gots an o])posing 
verdict from the Stonyhurst sun-spot drawings. Out of 
one hundred and eighty-seven sketches, which ho se- 
lectocl as fair tests of the Wilsonian theory, only forty- 
seven favored it, and one hundred and forty w'ero 
opposed. But wo sui^pose ho has included as “ o})posed ” 
all that did not distinctly indicate depression. 

Others, Socchi ospeciall^^, have investigated the mat- 
ter by carefully measuring, from day to day, the position 
on the sun’s disk of some soleetcd point in the umbra of 
a spot. The work is not easy, and rather unsatisfactory, 
on account of the rapid changes, which make it dinieiilt 
to identify the point of roforonco in successive observa- 
tions ; still, the result appears decisive, showing, as an 
ordinary rule, that Mdiat may bo called tlio “ iloor ” ofl 
the umbra is dejn'ossed from two to six thousand miles,’ 
and sometimes more, below the general level of tho 
photosphere. Bnt tho refraction of the solar atmos- 
phere makes tho result uncertain, ’ 

On a few occasions, when a spot of unusual sizo and 
depth passes over tho limb of tlio sun, a distinct depres- 
sion is observed in tho outline. Cassini describes suoh 
an instance in 1719. Ilorschcl, Do La Rue, Seeelii, and 
others liavo given us several other obsorvution.s of tho 
same kind. Usually, however, tho faciilm, which sur- 
round tho S])Ot, mask this ojfoet entirely, and often 
aotually give us a number of little ])rojootiug hillocks 
in place of tho expected depression. 
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SPEOTRUM OF SUN-SPOTS. 

The spectrum of a sun-spot also furnishes an argu* 
ment in the same direction, tending to show that tUo 
I dark portion is a cavity filled with gases and vapoi'fl> 
i which produce the obscuration, in part, at least, by ab- 
sorbing the light emitted from the floor of the doprcfl- 
sion. It is not difficult to set the instrument in bucIi a 
manner that the^mage of a sun-spot shall fall pi-ocisoly 
upon the slit of the spectroscope. In this case the epuc- 
trum will be seen to be traversed by a longitudinal dark 
Btrii)e, which is the spectrum of the umbra of the spot : 
on each side is the spectrum of the penumbra, which ie 
usually only a trifle fainter than that of the general sur- 
face of the sun. The width of the stripe, of courso, do- 
pen da upon the diameter of the spot. Along the wholo 
length of the spot-spectrum the background is darken cd, 
showing a general absorption; and in the uppor part of 
the spectrum, from T to H, this scorns to bo pretty 
much all that can be noticed. The middle portion of 
J. the spectrum, however, under extremely high dispersion 
^is different in this respect, as was discovered by tho 
^ writer iu 1883, and has since been abundantly conllrmod 
by Dnndr and others. In many spots, especially largo 
ones that are nearly circular and quiescent with a very 
dark nucleus, the spectrum of the nucleus between 15 
and F is not continuous, but is made np of countlosa 
fine, dark lines, for the most part tonobing or slightly 
overlapping, leaving hero and there, liowovor, luioccu** 
pied intervals which look like (and may bo) bright linos* 
Each dark line is spindle-shaped-— i. e., thicker in tho 
middle whore the spectrum is darkest, and tajioi's to a 
fine, faint, hair-1 iko mark at each end ; moat of thorn 
can be traced aoross the pen umbra-spectrum, and ovou 
out upon the general surface of tho eun, Tho avor- 
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ago distance between tlio linos is about half tlmt 
tween the two components of Z»„ so that witliin the 
group the total number of dark lines is some 300, and 
there are seven or eight of the bright lines. Thin 
structure is most easily seen in the part of the spectrum 
between E and F; above F the linos are crowde«l so 
closely that it is difticnlt to resolve them, and below E 
the}' appear to grow wider, more diffuse, and fainter. It 
seems to indicate that the principal absorption which 
darkens the center of a aim-spot is not such as would Iki 
caused by minute solid or liquid particles — ^by smoke or 
cloud — which would give a continuous spectrum ; but it 
is a true gaseous absorption, producing a veritable dark- 
line spectrum, in which the lines arc countless and con- 
tiguous. 

In the lower part of the spectrum, especially between 
0 and B, the spot-8j)eetrmn is full of interesting details 
and peouliaritios, which deserve a far more thorough 
and prolonged study than they have yet received. 
Many of the dark lines of the ordinary spectrum are 
wholly iinraodiflod in the spectrum of the spot; in fact, 
this seoiiiB to bo tlie case with the majority of them. 
Otliors, however, are much widened and darkened, and 
some, which are hardly visible at all in the ordinary 
spectrum, are so strong and black as to be very conspicu- 
ous j these are usually spindlc'shapcd, much wider in 
the center of tho nuoleus than at its edges and in the 
penumbra, so that they are often called “ fisli-bellies.” 
Certain other linos, which are strong in the ordinary 
spectrum, tliin out and almost disa])pear . in the spot- 
spectrum, and some arc oven reversed at times. There 
are also a number of hngU linos, not very brilliant, to 
bo sure, but still uninistakahlo, and there arc some dark 
shadings of peculiar appearance. 
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The aiiuoxod figure (Fig. 35), whioh roprosonts a 
small portion of the speetruin of a spot obsorvecl tbo 
writer in 1873, shows nearly all of those peculiuritioH. 
Tho portion ropi’cscnted lies between 0 and I), the scailo 
attached being that of ICirchholI’s map. 
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Speaking in a goneral way, tho lines of hydrogen, 
iron, titanium, calcium, sodium, and vanadinin are 
cially aifeeted. The hydrogen linos are ofton rovorwal ; 
thoso of iron, titanium, calcium, and viiinidinm aro usu- 
ally thickened, and those of sodium aro oCtoii onortmnml v 
widened, and occasionally botli widened and doubly 
reversed, as shown in Fig. 80, which rcpresonlH their 
appearance in tho spectrum of a spot observed on He}>- 
teinbor 33, 1870. It will ho noticed that at tho saiuu 
time the helhim-line, I),, which usually is invisihlo on 
tho solar surface, was epute conspieuouB as a dark shade*. 
On tins occasion tho lines of magnosium also boIu^^’tit^ 
in tho same manner as those of sodium. 

As has already been mentioned (page 100), tho J i; 
and IC bands aro always rovorsod in I lie sun-spot Hjmt:*.- 
trum. ITsnally, over tlio spot itself, tbo reversal in 
only single,” butdoublo rovcrsal is not vory uncommon , 
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Mr. Loclcycr announces, as a resiilt of a long series of 
observaLions, tluvt there is a striking diftereiico between 
the spot spectra at the time of maximum and minimum 
sun-Sj)ot frequency ; the lines that are most conspicuous 
by widening and darkening being by no moans the same 
in the two cases. Tho most remarkable change i.s in the 
lines of iron, wliich are usually conspicuous, but almost 
raniah from tho spot-spectrimi at tho sun-spot maximum. 

At times, also, tho s])eetrum ol' a sj)ot gives evidence 
of violent motion in tho overlying gases by distortion 
and clisplacomont of tho lines. When the phenomenon 
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occurs, it is more nsimlly at points near the outer edge 
of tho pomnnl>ra than over the central ])oi‘tion of the 
spot; but, occasionally, tho whole neighborhood is vio- 
lently agitated. In such cases it often hap]Kms that 
linos in tho spectrum side by side are aiTe(!tcd in en- 
tirely dilTovont ways — one will bo grcully displaced, 
while its neighbor is not disturbed in tho least, showing 
that tho vapors which produce tho linos are at dilTcront 
levels in tlio solar atmosphere, and do not participate 
to any groat extent in each other’s movements. 

It is an important fact tlurt tho same thing is often 
true of linos wliich arc ascribed to a single snhstanco; 
of two iron linos, for instance, one may bo disturbed 
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and another unaffected. Mr. Lockycr laj'a great etroBH 
on this as supporting ids dissociation liypothesis; but 
other explanations are also available, sec ])LigG Dl. 

In a few instances the gaseous e nip Lions in tlio 
neighborhood of a spot are so powerful and brilliaut 
that, with the spuetroseopo, their forms can ho maJo 
out on the background of the solar surface in the saim? 
way that the prominences are seen at the edge of tho 
sun, In fact, there is probably no difforeneo at all in 
the phenomena, except that only proinineneos of inoBt 
unusual brightness can thus be detected on tho 8olui‘ 
surface. An occurrence of this kind foil under tlui 
writer’s observation on September 28, 1870. A iargti 
spot showed in tho spectrum of its umbra all the linoH 
of hydrogen, magnesium, sodium, and some others, ro- 
vorsed. Suddenly tho liydrogon linos grow greatly 
brighter, so that, on opening the slit of tho sj)ootroscoj>i.», 
two immense luminous clouds could ho made out, one of 
thorn nearly 130,000 miles in length, by some 20,000 in 
width, tho other about half as long. Tlioy scorned to 
issue at one extremity from two points near tho edgo 
of the penumbra of the spot A,ftGV remaining vial bio 
about twenty minutes, they faded gradually away, with*- 
out apparent motion 

In addition to spots, snen as wo nave boon Uoaliii^ 
with, there are occasionally seen on tho aolar siirfiuH! 
dark-gray patches, which Trouvolot, who first callod 
attention to them in 1876, has named ^Woilod spots,’* 
considering that they are essentially of the same naturo 
as other spots, but differing in this, that tho disturb- 
anco which generates them is not sufficiently powerful 
to reach the surface and break entirely througli tbu 

* Eoi’ Tmivolot’fl jiccoimfc of tliom, aco “ Ainodmui Journal of Heloiu'e 
ami An,” Wfaroli, 1876, Third Serios, vol. xl. 
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^ 1 otosphorc. Over theao miled spots the briglit gmn- 

aro loss mimcrons and smalloi’ than clsowhoro, but 
uoli more mobilo; sometimos, and frequently indeed, 
aro overlaid by faculro. Tho changes of form and 
^l^pcfirancc in tlieso objects aro very rapid, affairs of a 
1 i iiuto or two only, according to Trouvolot. They aro 
all over tlio solar siirfaco, not being at all con- 
to the regions occupied by the ordinary spots, 
BomotinioB occniTing within eight or ten degrees of 
sun’s polo. They have boon little observed, liow- 
^Vor, and information respecting them is as yet very 
^ ^ oagor. 


JW^TA'JTON OF SUN AN1> PliOVTSR MOTIONS OF SPOTS. 

AVe Imvo already inontionod that tho spots travel 
*^OroHS tho disk of tho sun, from tlie eastern edge to 
blio western, 'in such a manner as to show that they are 
*^ttiichcd to tho siu'faco, and that the sun rotates upon 
Its axis. Tlie true period is about twenty-five days,’’^ 
tl\o apparent or “synodic” period being some two days 
loiijfTor, bocauso the earth itself is continually moving 
-f o rx^’•ard in its orbit, 

"When wo come, however, to study tho motions of 
tl lo spots more carefully, wo find that they have move- 
11 louts of tlioir own {^iwopev as astronomers call 

tl loim), both in latitude and longitude, so that no ohserva- 
ti OTIS of any single spot, however carefully conducted. 

* It Ih porlmpB worth noting that, hotwoon tlio aun nnd tlio oartii's 
iiifipfjKalBm, tlioro is an nnqiioHtioiuiblo, though still nnoxplalnod, ooniico- 
tioti, wldcli ahowH Usolf In many wnyB. Among tho iinmorous porlodlo 
vnrSationH of this tnagnollBrn Ilornstolii finds ono with a porlod of 20'B2 
cliiyn. Amnmhiff tliia to bo duo to tlio aiiii’fl Bynodio rotation, ho gets 
a t'tin clayfl for tho trno rotation. Vovy similarly Digolow doducOH 2d‘8fl. 
■V'«rKlin'’s “(inrora porlotP' (27’28 day b) gives 2B‘8S — all of will oh may 
lio (.ttkon for what !l is wortli, 
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can furnish an accurate determination of tlie position of 
the sun’s axis and its period of rotation. This fact 
not seem to have been comprclionded by the early <>l>- 
servers (though a neglected remark of ychoincr’s iinli- 
cates that he liad a glimpse of the truth), and honeu u'o 
have serious discordances between their diilerent resnll-s, 
which range from 25*01 days, the result obtained by 
Dclambre in 1775, to 25*58 days, as determined by 
Cassini about a hundred years earlier. The dill’orcnif; 
values for the inclination of the sun’s equator to llic^ 
ecliptic lie between C-J-° and 7^°, and those for the lon- 
gitude of the node between 70° and 80°. The 
reliable recent results are those of Carrington ami 
Spoerer. The former makes the mean period of tlio 
sun’s rotation 25*38 days, while iSpooi-or gives it jim 
26*23. 

THE EQUATOUIAT. ACOELlCIlA't'ION. 

The researches of Carrington,* botween 1853 and 
18C1, first brought out clearly the fact that, stric.tly 
speaking, tho sun, as a whole, has no single porio<l of 
rotation, but diiferont portions of its surface perform 
their revolutions in different times. The equatorial ro- 
gions not only move more rapidly in miles per hour 
than tho rest of tho solar surface, hut they Gomj)Uic the 
entire rotation in shm'ter time. If wo doduco llio 
•period by moans of spots near tho sun’s equator, wo 
shall find it to bo very nearly 25 clays, a trifle less — 
according to Carrington, Spots at a solar latitudo of 

•*A mcmotr by Uauglor, prosontod to tlio l''i'onoh Academy fn 18 -H, 
bat noTOP publialicd in exlento, contains, according to Fayo, data n’htuli 
would lead to tho same rosidt, Tho flutnmary, given in tho “Ootntow 
Kondus,” fails, however, to Indlcnlo any approolatloii of the 
variation of rotation rale from ocpiator to polos, and In no way Invnll- 
daloa Carrington’s claim to bo considered tho disoovoror of tlio law. 
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20® have, on the other hand, a period nearly 18 hours 
longer ; at 30® the period rises to 2G^ days, and at 4-5° 
to 27'i, thougli in this latitude there are so few spots 
that the determination is not very reliable. Beyond 
this latitude wo liavo nothing satisfactory, and it is not 
possible to determine, with any certainty, whether this 
retardation eon tin lies to the polo or not. 

It is a curious circumstance, probably connected 
with this remarkable law of surface-movement, that the 
spots mostly lie between ten and thirty-live degrees 
of latitude on each side of tlio sun’s equator; and it is 
tills fact which makes it difficult to ascertain the exact 
laws of the solar rotation, since our observations are 
eon/ined to such a limited range of latitude. As yet, 
no points have been found near the sun’s polos perma- 
nent and definite enough to permit precise observations 
covering a sufficient interval of time. 

By a discussion of all his observations, more than 
5,000 in number, of 95‘1 dilToront groups of spots, Mr. 
Carrington deduced the expression X = 866'— 105' sin^i! 
for the daily motion of the surface of the sun in dif- 
ferent solar latitudes, ^ representing the latitude in the 
formula, and X tho daily motion in minutes of solar 
longitude. This, as was said before, would make the 
rotation period of tho sun’s equator a little loss than 
25 days. Tho expression, however, is purely empirical, 
and uo imaginable theoretical explanation can bo given 
for the fractional oxponont 

Fayo, nssnniing on thcorotioal grounds that this ex- 
ponent onght to ho 2, finds from tlio same observations 
tho formula X = 802'— 1.80' sinV/, an expression which 
agfoGS with all hut a few of tho observations nearly as 
woll as Carrington’s. 

Spooror, from observations of his own, made be- 



twcon 1863 and 1868, and combined with those of 
Socclii and others, derives the still diiforent formula, 
X = 1011' - 203' 8111(11° 13'd- 1). 

Tissorand, from observations of 326 sjiots in ISYl- 
^*75, deduces the expression X = 85'r'’6 — L67'*3 sin*^. 
But this is probably less reliable than either of the pre- 
ceding, being founded on a much smaller number of oh- 
servations. 

Wilsing, of Potsdam, in 1888 published a discussion . 
of several hundred faoulco shown on their phothelio- 
graph plates, and deduced a rotation -period of 26 '23 
days ; hut lie found no indications of equatorial accolcr- 
ation, and concluded that this peculiarity of tho photo- 
sphere, where the spots liavo thoir residence, does not 
extend to the region of the faculm — a very porploxing 
fact, if real Still more recently, however, Stratonolf, of 
Pnlkowa, from a discussion of their plates, iincls from 
the faculro a result quito in accordance with those of 
Carrington and Spooror. 

Wo have already referred to tho ovidonco of tho 
sun’s rotation given by tho spectroscope (page 100), 
and have specially quoted tho remarkable work of 
Dnn6r. Ilis results show (wo think coiiclusivoly, 
though objections have been raised in certain quar- 
ters) that tho region in which tlie dark linos of tho 
spootriim originate share perfectly tho motion of tho 
photosphere. His observations, moreover, have this 
great advantage over those made on spots and faoulco, 
that they oxtend as far as 76° on each side of the sun’s 
equator. The observations are very woll roprosontod by 
tho equation X = 810'-’ 272'’4 sin®^. This would cor- 
respond to a rotation-period of 26 '63 days at tho sun’s 
equator and about 87*6 at tho polo — but tlio polar 
period is very uncertain, 
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Wliile either of the formuliD given above agrees 
fairly with the facts observed, iieitlier of them can bo 
regarded as logically established upon a sound physical 
explanation.* 

The cause of this peculiar surface-drift is not yet 
known. Sir John Herschel was disposed to attribute 
it to the impact of meteoric matter striking the sun’s 
surface mainly in the neighborhood of the equator, and 
so continually accelerating its rotation, as a boy’s peg- 
top is whipped up by the skillfully applied lash. Per- 
haps there is notliing absurd in the idea that a sufficient 
quantity of meteoric matter may roach the sun, or that 
the meteors move, for the most ])art, in the plane of 
the sun’s equator, and direct, i. e., with and not against 
the motion of the planets — so that their fall would bo 
mostly confined to the equatorial regions, and would 
thus hasten, and not retard, the surface motion. 

Eut then the duration of the sun’s rotation period 
should continually grow shorter, an elTect which docs 
not appear from a comparison of Scheinor’s results with 
those most recently obtained. Of course, it may bo 
that such an acceleration has actually occurred, only too 
small to bo yet detected ; still, it would seem probable 
that any “driving,” sufficient to establish nearly two 
days’ diiforonco between the rotation periods at the 
equator and at latitude 40°, must have produced a very 
sensible olTcct within throe hundred years. 

It is more probable that the equatorial acoeleration 
is oonneotod in some ^ay with the exchange of matter 
whioh, if the sun is for the most part gaseous, ns now 
seems likely, must continually bo going on between the 
outside and inside of the globe. If the photosphere is 
formed of masses falling^ such an ofEcct would bo a 
necessary consoquonco. If wo suppose that the out- 
* Soe Nato R, wo 800. 
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rushing streams of lieated gas and vapor, as they rise, 
continue in the gaseous condition until they reach the 
summit of their ascent, and remain at this height long 
enough to acquire sensibly the rotation velocity corre- 
sponding to their altitude, and that then the products of 
condensation, resulting from their cooling, fall down- 
ward, and thus falling constitute the photosphere, wo 
should have precisely the actual phonomonon. The ro- 
tation velocity of each visible element of the photosphere 
would bo that corresponding to a greater altitude, and 
therefore greater tlian that naturally bclouging to its 
observed position, and this dift’crenco ivould vary from 
the equator, where it would be a maximum, to the poles, 
where it would vanisli. 

Of course, it is not necessary to such an effect that 
the conditions supposed should bo rigidly complied 
with ; it will sufiico to admit that in the pliotosjihcro 
the falling masses aro more conspicuous than thoso 
which aro ascending or stationary, and it would scorn 
hardly possible that it should bo otherwise. Whether, 
however, the effect thus produced would account in 
moaBiire as well as kind for tlio observed phenomena, 
is a question requiring for its answer a more thorough 
mathematical investigation tlian the writer lias yot been 
able to undertake. 

If wo consider milAj the f^ots^ it would scorn entirely 
possible that they may bo produced by matter which 
has fallen from a height of even fifteen or twenty thou- 
sand miles, and that fall would bo quite snfllcient to ac- 
count for thoir wholo acceleration. 

The fact that rapid changes in the configuration of 
a spot are gonorally accompanied by an eastward rush 
of the wholo, also favors the idea that a downfall of 
something from above is concerned in. the matter. 
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If WO rightly undorstand tlio matter, this theory of 
the equatorial acceleration is in substantial accordance, 
so far as it goes, with that formulated some years later 
by Mr, Lockyor, and given in the last chapter of his 
“ Chemistry of the Sun.” But his " dissociation theory ” 
apparently has an important role to play in providing 
the “hundreds of millions of tons” of falling matter 
that produce the phenomena by their “down rush.” 
Schacborlo also attributes the equatorial acceleration to 
the falling back of material that has been jirojected to 
a groat elevation above the photosphere. 

The idea of Faye aj^pears to have been nearly the 
reverse of that here suggested. He attributes the for- 
mation of the photosphere to gaseous matter not falling 
from above, but ascending from. l)elow, and starting 
from a stratum at a certain depth below the surface ; 
by supposing the depth of tins stratum to vary with 
the latitudes, being greatest at the polos of the sun and 
least at the equator, it is easy to explain on this hy- 
pothesis the accelerated motion of the surface at the 
equator, and to justify liis formula, which makes the 
retardation at higher latitudes proportional to the square 
of the sine of the latitude ; but no reason is evident why 
the depth of this stratum should vary. 

Certain later investigations in 1886 upon the rota- 
tion of iluid masses, by Jukowsky, of Moscow, as ap- 
plied to solar conditions by his colleague Belopolsky, 
])orhaps warrant a hope that the phenomena of surface- 
drift in longitude, and oven the periodicity of the spots, 
ultimately find a rational explanation as necessary re- 
sults of the slow contraction of a non-homogoncous and 
mainly gaseous globe. The subject is difilcult and 
obscure ; but if it can bo proved, as scorns not impossi- 
ble, that, on mechanical principles, the time of rotation 
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of tlio central portions of siicli a wliirling mass iiiiihI 
be shorter than that of the exterior, then there will 
of necessity, an interchangO' of matter between thc> 
inside and outside of the sphere, a slow aupfid't'- 
drift from ecpiator toward tlio poles, a more rapid inU'i'- 
nal current along and near the axis, from the ])oh^H 
toward the equator, a continual “boiling ii[) ” of internal 
matter on each side of the equator, and, iinally, just, 
fiiicli an eastward drift near the equator as is ae.tualiy 
observed. Morcovc]’, the form of the mass, and 1,1 
intensity of the drift and consequent “ boiling U])” from 
underneath miglit, and probably would, be subjeet to 
great periodical variations. 

As to Zullner’s idea that tlio equatorial aeeeleralioii 
is (Ine to the friction between a liquid sheet, eonsti lut- 
ing tlio photosphere, and a solid nucleus below, it ia 
liardly necessary to say that this view is in (unnpkito 
opposition to those held by almost all nstronomoi's, and 
seems to he untenable in its fundamental assiinijitioiiH, 

On the wliole, however, the writer sym]iathi}5es Avith 
Oundr in his conclusion : "I must confess tliat this dif- 
ference between tho rotation ])oi'iods in tho diilurent 
(solar) latitudes appears to mo incomiirohensihle, and 
constitutes one of the most dilHcult pi'ohlenifl of astrn- 
l)hysics.” No theory yet presented is really satisfactory*'^ 

Tins POSITION OF TIIK SUn’s AXIS. 

The piano of tho sun’s rotation is sliglitly inclined 
to that of tho earth’s orbit. According to Carrington, 
tho angle is 7° 16', while Spoorer makes it (1° 67'. Thin 
plane cuts the ecliptic at Iavo opiiosito imints called tlm 
nodes, one of which is in longitude 78° 40', according to 
Carrington, and 74° 30' according to Spoorer. 'J’ho 
axis of the sun is therefore directed to a point in tho 
* Soo Nolo E, pixgo 800. 
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constellation of Pmco, not inarketl by any eonspieuons 
star. Astronomers tlcline its position by saying* ibat 
its right ascension is 18“ 44’", and its declination is 04®. 
It is almost exactly lull f- way between the bright star 
a Lyrie and the polar star. 

The earth passes through the two nodes on or about 
the 3d of June and the 6tli of December. At these 
times the spots move a])parcntly in straight lines across 
the sun’s disk, and liis poles are situated on its circum- 
ference, During the summer and autumn, from Juno 
to December, the sun’s northern polo is inclined toward 
the earth ; during the winter months, the southern. The 
angle which the sun’s axis appears to make with a north 
and south lino in the sky (technically, ■podUm.-cmfjle 
of the sun’s axis) changes considerably during tbo year, 
varying 2(1° each side of zero. As it is often very 
desirable for an amateur to know this angle approxi- 
mately, wo insert the following little table, giving the 
]->o8ition angle of the sun’s mrili polo referred to the 
' center of the disk. The table is derived from tbo much 
more oxlonsivc one in Secchi’s “ Lo Soloil” : 


POSITION ANGLE OP SUN'S AXIS. 


Januauy 4, Jur.Y 0. 


Jnn, ll>, (Tuuo 26.. 
Jnn. 20, Jimo H.. 
Pob. 1, June 2. 


April 6. 



6® west. 


10" west. 


16® WOBt. 

f • » 

20® WOBt. 

6.. 

26° WOBt. 


20° 20' west. 


Deo. 24 July 11 ,., 
Dec, 16, July 2ft, . . 
Deo, 8, Aug. 11, . . . 
Nov, 1ft, Aug. 27., . 
Oct. 29, Sopl. 20., . 
Oot. 10 


.o^-oo. 

6" oaat, 

1 0 ® oaat. 

1 6® cast. 

20“ cast, 

26" oaat, 

20“ 20' coBV. 


It is understood, of course, that the tabloids only 
approximate, bocaiiBO the numbers change slightly ac- 
cording to the place of the euiTont year in tho Icaji- 
yoar cycle ; but tho results obtained fi'om it are always 
11 
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correct witliin about wbicli is near enough for most 
purposes. v 

Fig. 37 illustrates these points, giving tlio position- 
angle of the sun’s axis, and the aspect of his equator at 
different times of the year as seen from the earth, It'D!’ 


Fia. 87. 



June 8, BEPT, 4.* OEO. 6. MARCH 7.* 

PoBmoK.AKOi.K OP SuM’a Axis, an» AepRoi ov me Kquatou. 


the sake of clearness, however, tho inclination of tho 
sun’s equator to the ecliptic is consitlcraldy oxaggoratccl 
in the lower row of iiguros; tho equator never 'ap])oars 
80 strongly curved as there represented. 

PROPISR MOTION OF SPOTS. 

After making duo allowance for tho equatorial 
acceleration, it is found that almost every spot has more 
or less motion of its own. Between latitudes 20® north 
and 20® south, Mr. Carrington ilnds, on tho whole, a 
slight tendency to motion toward tho cjpiator, the ino.ve- 
ment amounting to a minute or two of arcjpc?’ (H&di j 
from 20® to 30° on hoth sides of tho equator, there ia 
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a somewhat more decided motion toward the poles. 
Faye has also shown that many spots movo in small 
ellipses upon tlie surface of the sun, completing their 
circuits in a day or two, and repeating them with groat 
regularity for weeks, and even months. 'Whenever a 
spot is passing through sudden changes, it generally 
moves forward upon tho solar surface, as 1ms already 
been mentioned, with something like a leap ; and, when 
a spot divides into two or more, tho parts generally sep- 
arate with a very considerable velocity, as if (wo do not 
say lecmise) there was a repulsion between thorn. 

DISTBIDUTIOM' OF SUK-SFOTS. 

Tho sun-spots, as has already boon said, arc not dis- 
tributed over tho sun’s surface with anything like uni- 
formity. They occur mainly in two zones on each side 
of tho equator and between tlie latitudes of 10“ and 30°. 
On the equator itself thoy are comparatively rare ; tlicro 
are still fewer beyond 35° of latitude, and only a single 
spot has over been recorded more than 15° from the 
solar equator — one obsorvod in 181G by the late Dr. 
Peters, then in ISTaples. \ 

Tho ligure shows the distribution of 1,386 spots ob- 
served by Carrington. Tho figure is constructed in 
tills way t Thq oirouniforenco of tho sun, on the left- 
hand side of tho figure, is divided into fivo-clegrce 
spaces from tho equator each way, and at each of thorn 
is erected a radial lino whoso length mfou 7 ' /mndrecUhs 
o/miinohm proportional to tlio number of spots ob- 
sorvod within 2^° of latitudo on each side, fi’hus, tho 
line di'awn at ii0° north latitudo, and marked “ 151,” is 
of an inch long, and means that 151 spots wore 
recorded between lYi° and north latitude. 

It is at once evident fi'om mere inspection that tho 
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distribution follows no siinplo law of latitude. On the 
northern hemisphere, the distribution, during the eight 
years over which the observations extend, was not very 
irregular, though there is a distinct minimum at 15°, 


Fia. 88. 



and two maxima at about 11° and 22° of latitude, On 
the southern homiaphero the minimum at 16° is very 
marked, and the numbers at 10° and 20° are far in 
excess of those in the northern homisphoro. Of the 
whole number, Yll wore in the southern homisphoro, 
as against 676 in the northern. 

The minimum at 16° of latitude was special to the 
date of observation, and had its origin in a law discov- 
orod by Spoerer a few years ago — to bo discussed later 
(page 160). His own observations from 1801 to 1807 
show nothing of the kind. They give the following 
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distribution of 1,063 spots in latitude, viz. : -f- 35°, 4 ; 
+ 30°, 4 ; -f 25°, 16 ; -f 20°, oO ; + 15°, 133 ; -f 10°, 
198; -{-5°, 114 — in all, 519 spots north of tho solar 
equator. 40 spots wero on the equator, or within 2° of 
it. South of the equator wo have, in latitude : — 5°, 
113 ; - 10°, 206 ; ~ 15°, 109 ; - 20°, 38 ; - 25°, 19 ; 
— 30°, 7; — 35°, ,1; — 40°, 1 — in all, 494 southern 
spots. In 1866, a year of spot minimum, there were 
only 94 spots in all, and of tiioso 94 all but two were 
situated within 17° of tho eqimtoi'. 

It is to bo noticed that at times when spots are 
abundant their mean latitude is greater than when they 
are few, or, in other words, an increase in tho number 
of spots generally carries with it a widening of the zones 
in which the spots appear. All the observations concur 
in showing this. 

Tho cause of this distribution of tho spots in zones 
is not known. It is probably connected witli tho origin 
of tho 8])otB the in sol VOS, and very possibly has so me thing 
to do with tho law of surface-motion just discussed. At 
least it is cortain, ns Faye ^minted out some years ago, 
that, while at tho solar poles and equator adjoining por- 
tions of tho photosphere have no relative motion with 
roforoneo to each other, yet in tho middle latitudes 
this is not true; hove each element of tho surface has a 
dilForont velocity from those immodiately north and 
south of it, so that they drift by each other like tho 
filaments of a liquid current wliich is suffering retarda- 
tion, producing, as Faye supposes, whirlpools and eddies 
which, according to his view, genoralo tho spots. 

As regards tho sun’s northern and southern licmi- 
sphoros, there is often a great inequality. Tims, from 
1672 to 1704 absolutely no spots wero recorded in the 
nortliorii liomisphoro, and when a few appeared in’ 1706 
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and 1714, the Frencli Academy was formally notified o£ 
the fact as something very rcmavkablo. AVo do iH>fc 
know that anything quite like this has over happonwl 
since; but the inequality between the two liemispherca 
is often very marked for months together, though in 
tlio long run there seems to be no difference. 

It is a question of much theoretical importaneo 
whether spots do or do not appear repeatedly at tlio 
same points; for if this is really the case, it would 
make it almost certain that below the photoaphore thoro 
must he a coherent nucleus, carrying with it in its rota- 
tion such volcanic or otliei-wise peculiar regions as to 
cause the breaking out of spots above them. Tliertj 
would he no difiiculty in accounting for two or Ihroo 
dissolutions and reappearances in the same I'cgioii with- 
out any such hypothesis, since a great disturlmiuio in 
the solar atmosphere would not subside enliridy for a 
long time. The observations of * iSjioorcr show that, 
this actually happens, and that, foi* a jKiriod of several 
months, spots and faculm often recur siwcral times at. 
the same point. But his observations do not give any 
real support to the idea of a solid niicdous, nor lias lie; 
himself ever favored such a view, althougli some (and 
among others the writer), misunderritanding certain ex- 
pressions of hisj have supposed that ho did. 
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PEBIODWITY OF SUN-SPOTS; TUNIli EFFECTS UPON THE XARTI}, 
AND TJlEOniES AS TO TllEIlt CAUSE AND NATURE. 


Obaorvntlons of Schwabe,— Wolf’s Numboi's, — Proposed Explaimtiona of 
PorioiUcity. — Coiinootioii botivoeii ymi-Spots and Terrestrial JIngnet- 
lem. — Roinarkablo Solar Plain rbaiicos and ^Magnotlo Storma. — EITcct 
of Snii-Spots on Tcinporaturc, — Smi-Hpots, Cyclones, and Rainfall. — 
RescarchcB of Syinona and Jloldniin.— Sim-Spota and Coratnereial 
Crises, — 'Gallica’s Theory of Spots, — Iler.schol's Theory, — Sccold’a 
First Theory. — Sibil nor'a. — Faye’s. — Seech Ps Later Opinions, — Tlieo. 
rlos of Lookyor, Rchacberlc, and others. 


It wbs early noticed that the number of sumspots is 
very variable, but tlio discovery of a regular periodicity 
in their number dates from J.SSl, when Scliwabc, of 
Dessau, first published the result of twouty-fivo years 
of observation. During this time. he had examined the 
sun on Gvei’y clear day, and had secured an almost per- 
fect record of every spot that appeared upon the solai 
surface. Ho began his woidc without any idea of ob- 
tain ing the result ho arrived at, and says of liimself, 
that, “ liho Saul, he went to seek his father’s asses, and 
found a kingdom.”, His observations showed unmis- 
takably that there is a pretty regular increase and do- 
oroaso in the number of sun-spots, the interval from ono 
maximum to the next being not far from ten years. 
Subsequent observations and a thorough oxamination 
of all known former records fully confirm this conclu- 
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sion, except that the mean period appoavfi to ho bouiio* 
wliat greater, eleven and one ninth years being (he valno 
at present generally received. Professor It. Wolf, of 
Zurich, has been especially indefatigable in his inveKt.i- 
gations upon this subject, and has smxioeded in disinter- 
ring from all sorts of hiding-places a nearly (ioniplntr 
history of the solar surface for the past liundnid an«l 
fifty years. Among other things he finds inuong Iho 
inipnblished mannscri])t8 of Horri'bow (a J)anish an- 
tronomer who fioiirishcd a century ago) a (listimU; in- 
timation (in 1T76) that zealous and continnetl observa- 
tion of the sun-spots might lead to “ (he disc-overy of ii 
period, as in the motions of the oilier heaveiily hodiifs,’' 
with the added remark that “ then, and nol. till then, 
it will bo time to inquire in what manner the hotllo.^ 
which are ruled and ilhnninated h}^ the sun are iniJii- 
enced by the sun-spots ’’—alluding, perhaps, to certain 
ideas then, as now, more or less cnrimit, and illnstratml 
by the attempt of Sir W. rierscdicl, a few years later, to 
establish a relation between the price of wheat and tlia 
Timnher of sun-spots. 

I Wolf has brought together an enormous number of 
observations, and with immense labor has eomhbiml 
them into a consistent whole, deducing a aeries of “ i-el- 
ative numbers,” as he ealls them, which rejiresent idto 
state of the sun as to spottednoss for every year sineo 
jl745. His “relative number” is formed in rathenui 
\ [arbitrary manner from the ohsorvation of the spots ; 
.representing this numhor by r, the formula is, r 
I in which <j is the munhor of groups and 

I isolated spots observed, and / the total nmnbor of 
i spots which can bo counted in these groups and singly, 

I while i is a coefficient which dopomlB ui)on (:ho ob- 
server and hiB telescope, Wolf takes it as unity for 




Fig. SS.—Wolf’s Bux-Spot yrasEES. 
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himself, observing with a threMiicb telescope and power 
of 64. l^or an observer with a larger instrument, k would 
be a smaller quantity, while a less po\vorful instrument 
and less assiduous observer would receive a greater 
than unity, as probably seeing fewer spots tlian AVolf 
himself would reach with his instrument. Tlieso rela- 
tive numbers, as tested by the most recent jdiotographic 
results of Do La Kuo and Stewart, arc found to be quite 
approximately proportional to tlic area covorod by tho 
spots. 

"Wo give on tho opposite page a figure deduced from 
tho numbers, published by Wolf in 1877, in tlio “ Mo- 
moirs of tbo Koyal Astronomical Society,” and showing 
their course year by year since 1772. The continua- 
tion* of the curve to 1880 is from numbor.s subse- 
quently published by him in the astronomical .periodi- 
cals. The Iiorizontul divisions denote years, and tho 
lioight of tho curve at each point gives tho “ relative 
number” for tho date in question. For example, in 
1870, about the middle of tho year, tho relative num- 
ber was 140, while early in 1879 it ran as low as 3. 

The dotted lines arc curves of magnetic disturbance, 
with which at present wo have no concern. Our dia- 
gram, on account of tho smallness of tlio page, only goes 
back to 1772, but Wolf’s investigations roach to 1010, 
and he gives, in the paper from which were derived tho 
numbers used in constructing onr diagram,, tho follow- 
ing important table of tho maxima and minima of sun- 
spots since tliat date, dividing tho results into two series, 
the first of which, from tlio paucity of observations, is 
to bo considered of much inferior weight to tho second, 

• * II (11(1 not Bcom worth ivhilo to (‘(J-ongravo tho pinto in order to bring 

’ tho curvo down to dntcj but Uio innin roauUs sinco 1680 nro alntcd mi« 
mcrionlly n pngo or two Inter. 



rsiuoDiciTY or sun-spots. 
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riuBT SKitiea. 

SenoND Bhuirb. 

Minima. 

Mnxlmn. 

Mialma. 

Maxima, 

1010*8 

1016*6 

1 746*0 

1760-3 

8*2 

10.6 

10*2 

11*2 

loio-o 

1020*0 

1766*2 

1701*6 

IB-O 

13*6 

11*3 

8*2 

10.34-0 

1030*6 

1700*6 

1700*7 

11*0 

0*6 

0*0 

8*7 

lfl'15-0 

1049*0 

1776*6 

1778*4 

10*0 

11*0 

02 

0*7 

1006*0 

1000*0 

1/84*7 

1788*1 

11*0 

16*0 

13*0 

10*1 

1000*0 

1,075*0 

1798*8 

1804*2 

13*6 

10*0 

12*3 

12*2 

IflVO'O 

1086 0 

1810*0 

1810*4 

10*0 

8*0 

12*7 

18*6 

1080*6 

1003*0 

1823*3 

1820*9 

8*6 

12*6 

10*6 

7*8 

1098*0 

1706*6 

1833*0 

1837*2 

MO 

12*7 

■9*0 

10*9 

1712*0 

1718*2 

1848 6 

1848*1 

11*6 

0*8 

12*6 

12 0 

1728*6 

1727*6 

1860*0 

1800*1 

10*6 

11*2 

11*2 

10*6 

1784*0 

1788*7 

1807*2 

1870*6 

Mean porlod. 

Jleftii porlod. 

Man It period. 

Menu period. 

11*20 ik 2*11* 

11*20 i 2*00 

11*10 ± 1*64 

10*94 ± 2*62 

d: 0*04 

iO'CS 

±0*47 

±0*76 


From Uieso data, Wolf dorivos a mean period of 
years, with an average variability of 2’03 years, 
and an iincjertainty of 0'30Y, duo cliiofly to the diHiciilty 
of fixing the precise date of maximum or minimum. 

After the groat maximum of 'I,8Y1‘0, when the rel- 
ative number reached 140, there was an unusually pro- 
tracted down-slide until 1870, when, as the figure shows, 

*Tho upper number, ± 8' 11, JntUontos that the intUvhhinl periods 
have nn avorngo variation of 2'11 ycara on one aide or tho other from the 
moan period. Tlio lower number, i O'O'I, Is tlio so-oallcd “probable 
error ” of tho period. Similarly in the throe other cohitnns. 
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a very low miniimini occurred. After that a fooblo 
inaximuui (only 0:1) arrived pretty quickly near the oiitl 
of 1S83, followed by an avei*nge minimum in the iniddlo 
of 1889. The next and last maximum was passed iiTt 

1893 ; it was not a very high one, perhaps about 70 

but Wolf died in 1393, and wo have no authentic figures 
later than 1891. 

A moment’s inspection of the curve shows that tlio 
maxima diller greatly in intensity, and that the period 
is not at all iixed and certain like that of an orbital mo- 
tion, but is subject to groat variations. Thus, botwecMi 
the maxima of 1829*9 and 183 7‘2 wo have an interval 
of only 7’3 years, while between 1788 and 1804 it wns 
16*1 years.* A portion of this great variableness of 
period may, perhaps, bo duo to the incompleteness of 
our observations, but only a portion. It is quite likol^^ 
that a fluctuation of much longer period, not far from 
sixty years, is, to some extent, responsible for the elTcot 
by its superposition upon the principal (olovon-yoai*) 
oscillation. 

Another important fact is that the interval from a 
minimum to the next following maximum is only about; 
4^ years on the average, while from the maximum to 
the next following minimum the interval is G'6 years. 
The disturbance which produces tlio sun-spots springs 
up suddenly, but dies away gradually. 

Still another fact, as yet unexplained, and probably 
of gloat tlicorotical importance, has recently boon 
brought out by Spoeror. Sjicaking broadly, the dis- 
tni banco which produces the spots of a given sun-spot 
period first manifests itself in two bolts about 30® north 

* Some aatronomers contend Umt there ouglit to bo nnothor inftximii tn 
Inserted nbout 1786. Observations about this liino are Xow In nnmbor 
and not very satisfactory. 
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and south of the sun’s cqiiatoi’. Tlioso bolts then draw 
in toward the equator, and the sun-spot inaximmn occurs 
when their latitude is about 10° ; wliile the disturbance 
gradually and linally dies out at a latitude of 8° or 10°, 
some twelve or fourteen years after its first outbreak. 
Two or three years beforo this disappearance, however, 
two now zones of disturbanco show thoinselvos. Thus, 
at tlio 8Un-8])ot minimum there are four well-marked 
spot-belts; two near the equator, duo to the expiring 
disturbance, and two in high latitudes, duo to the newly 
beginning outbreak ; and it apjioars that the truo sun- 
spot cycle is from twelve to fourteen years long, each he- 
ginning in high latitudes before the preceding one has 
expired near the equator, 

Fig. 40 illustrates this, embodying Spoorer’a results 
from 1855 until 1880. The dotted curves show "Wolf’s 


Fin. '10. 



SPOERER'S CURVES OF SUN-SPOT LATITUDE. 


sun-spot curve for that period, the vortical eobunn at 
the riglit of the figure, marked W at the top, giving 
Wolf’s “ relative numl)ere,^^ Tho two contimioim curves, 
on tho other liand, give tho solar latitudes of the two 
soi’ioB of spots that invaded tho sun’s surface in those 
years. The scale of latikides is on tho left hand. Tbo 
first series began in 1850 and ended in 1808 ; the second 
broke out in 1800 and lasted until 1880. During those 
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years it happened that there was very little clifteroiico 
between the northern and southern heniisphorort of 
the sun. 

EXPLANATIONS OF SUN-SPOT PEIIIODIOITY. 

There is no question of solar jihysics moro interest- 
ing or important than that which concerns the causti ol' 
this periodicity, but a satisfactory solution remains tt» 
be found. It has been supposed by astronomors of 
very great authority that the influence of tho piano ts 
in some way produces it. Juifltor, Venus, and Mor- 
curyhave been especially suspected of complicity in 
the matter, the first on account of his enormous nuiK«, 
the others on account of their proximity. Do La lino 
and Stewart deduced from their photographio obsorvii- 
tions of sun-spots, between 18G2 and 1800, a series of 
numbers, strongly tending to prove that, when two of 
the powerful planets arc nearly in lino as seen from 
the sun, then the spotted area is much increased. Tlioy 
have investigated especially the combined ofleot of, Ifoi*.. 
cury and Venus, Jupiter and Venus, and Jupiter an<l 
ilercury, as also tho efioct of, Mercury’s approach to^ 
or recession from, the sun. In all four cases tlioi'fo 
seems to be a somewhat regular progi’ossion of num- 
bers, though much less decided in tho third and fouilli 
than in the first and second. Tho irregular varintioiiB 
of the numbers are, however, so largo, and tho duration 
of the observations so short, that it is hardly safo to 
build heavily upon tho observed coincidoiicos, since they 
may be merely accidental. In fact, so far as wo cim 
learn, tho observations sinco 1800 furnish no confirma- 
tion of this theory. 

An attempt to connect the olcvon-yoar period witli 
that of tho planet Jnpi tor also breaks down, Whilo, 
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for a cor tain pui'tioti of Litno, ilicro is a pretty good 
agreement between the sun-spot curve and that which 
represents the varying distance of Jupiter from the sun, 
there is oomploto discordaneo elsewhere. About 1870 
the maximum spottedness occurred when the planet was 
nearest the sun, but at the beginning of the century the 
reverse was the case, Loomis suggested that the con- 
junctions and oppositions of Jupiter and Saturn may 
be at the bottom of the matter. These occur at inter- 
vals of 9'93 years, from a conjunction to an opposition, 
or nice versa. But, wlien wo como to tost the matter, 
we find that, in some cases, sun-spot minima have ooin- 
eided with this alignment of the two planets j in other 
cases, maxima. 

It is, indeed, very difflcult to conceive in what inan- 
lu.r the planets, eo small and so ronioto, can ■[)Ossibly 
produce such profouiicl and extensive disturbances on 
tho sun. It is hardly possible that their gravitation 
can bo the agent, since tho tide-raising power of Venus 
upon tiio solar surface would bo only about of that 
which tho sun exerts upon tho earth ; and in tho case of 
Moron ry and Jupiter tlio oilcct u’ould bo still loss, or 
about -j-flVtf sun’s influonco on tho earth. Making 
all allowances for tho rarity of the materials which com- 
pose tho pliotosi^liere, it is quite evident that no planet- 
lifted tides can (Urectly account for tho phenomena, 
If tho sun-spots are duo in any way to planetary action, 
this action must bo an occasion ratlior tluin a cause, A 
minute disiurbanco may, so to speak, ‘‘pull tlio trigger” 
and bring on an ox])lo8ion. The touch of a child’s 
finger iircd tho hdood Bock mine. 

Several astronomers, among others Professor B. 
Pei r GO, seem to have adopted an idea before alluded 
to — first suggested, wo boliovo, by Sir John Ilorsoliel — 
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that the spots are Ciuised hy inetoors fallin*^ upon 
sun. According to tliis view, tho puriod icily of t.lu* 
spots could bo simply acoomitod for by snj)p{»sing‘ Lli»’ 
meteors to move in a very elongated url jit, with a pi?- 
riod of 11’ 1 years, adding the additional liyjjothciHiH 
that at one part of tho orbit they form a ilock of g'rc‘iil: 
density, while elsewlicrc they arc sparsely distributtnl. 
This meteoric orbit would have to lie nearly in tlu* 
plane of the sun’s efpiator, and have its aphelion m*ar 
the orl)it of Saturn. Of course there is no nocossity > 
limit our hypothesis to a single meteor stream. Wliiif 
we know of meteor-showers oneountored by tho earldi, 
makes it likely that there may ho several, of dijn’orcsnh 
periods; and thus we may account for aoino of tho ob- 
served irregularities of tho sun-spot jjoriod. Tho Ijy- 
pothesis has many excellent points, and wo shall havo 
occasion to recur to it again. At tho same time, it nuiy 
be said hero that it seems very diflienlt to make it ox- 
plain the enormous dimensions and ^lorsistcnco of many 
sun-spot groups, and tho distribution of tho spots on 
tho sun s surface in two parallol zones, with a mini in inn 
at tlie cqiiatoi’. Tho iiTogularity in tho epochs of niiix- 
ima and niinima is also much greater than woulil have 
been expected. 

On tlio whole, it seems rjithor more' prohahlo that 
tho periodicity is in tho sun itself, deiiondiiig upon no 
external causes, but upon tho constitution of tlio plioto- 
sphoro and the rate at winch tho sun is losing Itoiif* 
Perhaps we may compare small thiiig.s with grcjiit by 
referring to the periodic explosions of tlio Tcelaiulio 
geysers, or tho ‘‘humping” of other and many otlioi* 
liquids in a cliomist’s test-tube. Looking at it in tliiH 
light, wo should imagine tlio course of events to consiHt 
of a gathering of deep-lying forces during a season of 
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external qnieseence, followed by an outburst, wliicli 
roHoves the internal fury ; the rest and the paroxysms 
reciirriiig, at soniowliat regular intervals, simply because 
the forces, materials, and conditions involved, change 
only slowly with the lapse of time. 

If such bo really the ease, it is clear, of oourse, that 
this periodicity is never likely to bo very regular, and 
will not long kcop step with any planetary march. 
Time of itself, thoroforo, will by-and-by solve the prob- 
lem for hs, or at least w^ill refute any false hypothesis 
resting upon tho recurrence of planetary positions. 

TEttRESTJUAL INFRUENOE OF SUN-SPOrS. 

Even more important than tho problem of tho enuso 
of sun-spot periodicity, is tho question whether this pe- 
riodicity produces any notable olTects u])on tho earth, 
and, if so, what ? In regard to this question the astro- 
nomical world is divided into two almost hostile camps, 
so decided is tho difTorcnco of opinion, and so sharp the 
discussion. One party holds that tho.stato of tho sun’s 
Burfacois a determining factor in our torrestrial inotoor- 
ology, making itself felt in our temperature, barometric 
pressure, rainfall, cyclones, crops, and even our financial 
condition, and that, thoroforo, tho most careful watch 
should bo kept upon tho sun for economic as well as 
scientific reasons. 

Tho other party contends that there is, and can bo, 
no sonsiblo inlluoneo upon tho earth produced by such 
slight variations m tho solar light and boat, though, of 
course, they all admit tho connection between sun-spots 
and tho condition of tho earth’s magnetic oloments. It 
SGoms pretty clear that wo are not in a position yot to 
decide tho question oitlior way; it will take a much 
longer period of observation, and' observations con- 
la 
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ducted with special roforonco to tlio subject of inquiry, 
to settle it. At any rate, from tlie data now in our pos- 
session, men of great ability and laborious industry 
draw o])p 08 itc conclusions. 

It certainly is not so plain that tlio sun-spots havo 
not the influenco which their worshipers, I had almost 
called tliein, claim for them, as to absolve us from 
tlie duty of investigating the matter in the most thor- 
ough manner. On the other hand, it is also by no 
moans certain that we shall find the labor of investiga- 
tion fruitful in precisely the manner and degree desired. 
Those who search for truth with honest endeavor may, 
nevertheless, be sure of their reward in some way, 

I have said that there is no doubt as to the con- 
nection between the sun-spots and terrestrial niagnotism. 

In 1860, Lam on t, of Munich, called attention to the 
fact that tlio average daily excursions of tho magnetic 
needle havo a period which, from the few decades of 
observation at his command, lio lixod at ton and one 
third years. 

Perhaps a word of explanation is ncoded here. 
Every one knows that tho compass-noodle docs not 
point exactly noi’th, and its divorgonce from tho true 
meridian is diflorent in different places. On tho At- 
lantic coast of tho United States, for instanco, tho north 
pole of the magnet points west of north, and on tho 
Pacific coast oast of north. What is moro ; at any par- 
ticular place tho direction of tho noodlo is continually 
changing, those changes being like tho changes in the 
temperature of the air, in part regular and prodictablo, 
and partly lawless, so far as wo can see. 

One of tho most noticoablo of tho regular magnetic 
cliangcs is tho so-called diw'iial oscillation ; during tho 
early part of tho day, between sunrise and one or two 
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o’clock r. M., the north polo of the ncocllo moves toward 
tho west in these latitudes, rotimiing to -its mean position 
about 10 V. M., and remaining nearly stationary during 
the night. Tlio extent of this oscillation^ in the United 
States is about 15' of arc in suniinoi’, and not quite half 
as much in winter ; but it ditTcrs very much in dilTcront 
localities and at diilerent times, and also — and this is 
Lainont’s discovery — tho average extent of this diurnal 
oscillation at any given observatory increases and de- 
creases pretty regularly dui’ing a period of 10^ years, 
according to his calculations. As soon as Seliwube an- 
nounced his discovery of tho periodicity of the solar 
spots, Sabine in England, Gautier in Eranco, and Wolf 
in Switzerland, at once and independently poreeivod tlio 
coincicloncG between tho spot-maxima and those of tho 
magnetic oscillation. Faye at ono tinm attempted to 
impugn this conclusion. In order to mako his jmint, ho 
insisted that the magnetic maximum is sliown )>y Cas- 
sini’s observations to have occurred early in 1^87, and, 
dividing tho interval between this and tlie last magnetic 
maximum, near the close of 1870, by 8, the immbcr of 
intervening periods, bo gels lO'lh years for the mean 
magnetic period, instead of II ‘LI. Tho rojdy is, that 
tho observations both of tho sun-spots and of tho mag- 
netic olomonts near tho close of tho cighleonth century 
are so meager and unsatisfactory that tho evidence as 
to the precise time of maxima and minima ia very in- 
complete. In 1885, howovor, Faye yielded to tho con- 
stantly accumulating woiglit of evidence, and gave in 
his adhesion to tho received conclusion, which is now 
practically undispiitod, 

Tho convinoing ovidoneo as to tho reality of the as- 
sorted connection lies in tho closeness with whieli, over 
since wo have boon in possession of continuous and sat* 
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isfactory observations, tlie magnetic eni’vo copies tliat <‘>f 
the sun-spots. In Fig. 39 tlio dotted curves roprosonC 
tlie mean amount of inognetic oscillation as deduced by^ 
Wolf from various series of observations. From 182U 
to 1895 the record is almost continuous, and the coinci- 
dence of tlie curves is such as to make it impossible^ to 
doubt the connection.* 

The argument is much strongtlioued by an cxamiiui' 
tion of records of the aurora borealis. Occasionally so- 
called “magnetic storms” occur, during which the eoni- 
pass-iieedlc is sometimes almost wild with exciteiuont, 
oscillating 5° or even 10° within an hour or two. Those 
“storms” are generally accompanied by an aurora, and 
an aurora is always accompanied by magnetic disturb- 
ance. 

Fdw, when we come to collate aurora obsorvationa 
Avith those of suiirspota, as Loomis has done with great 
care and thorongliness, wo find an almost jierfect jiaral- 
lelism between the curves of auroral and sun-spot fre- 
quency. 

We find also, as Shearman, of Toronto, and Br. 
Yeeder, of Lyons, JST. Y.,havo pointed out, that auroras 
often run in series, so to speak, following each other for 
several months at nearly regular . intbrvalB' of 27'2T5 
days, which is very closely the period of the sun’s njiM 
parent equatorial (synodic) rotation; this of oourHO 
makes it more or less probable that their appearance is' 
connected somehow with tlio way in which certain poi*- 
tions of the sun’s surface present tlioinsolvos to the 
earth. Dr. Yeeder’s idea is tliat distiifbod regions upon 


. Siowfti't, of tho obsorvationa at Kow, Uo- 

ffcen and 1887, brings out the coiToapondonco vory boaiUiftilty, 
magnotlo olmngoa lag bohind tho 8uu.fl|)ota 
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tho sun aro specially influential upon the eartli’s mag* 
riotisin at the moment when they are near the eastern 
edge of the sun, and Just coming iit sight to us cm the 
earth. There is no obvious reason, however, why a 
disturbance on the sun slioukl thus propagate itself more 
vigorously in a direction tangential to the sun’s surface 
and in the piano of the sun’s equator tluiu in any. 
other direction ; and while Dr. Voedcr is certainly able 
to marshal a great number of coincidences in sn])port 
of his opinion, tlicro are also numerous cases where the 
region of fiohir diaturbauco was near tho mickllo of tho 
sun’s disk,. as, for instance, tho great magnetic storms and 
auroras of .February i3, .1892, and Kovcinbor lY, 18S2. 
In this connection it. scorns worth while to quote from 
an article by Mr. Maunder, of the Gtreenwich Observa* 
tory, with respect to these spots, and two other groups 
of almost equal magnitude wliich appeared together in 
April, J8S2. llo’ writes: 

‘‘In a period of nearly ninotoon yonrfl, tliorofovo” (from 18Y9 
to 1892), wo have tln’oo inngnotio storms wliloli atanil out pro- 
omiiiontly above all others during that iidorval. In that aaino 
period- wo have three great sun-spot displays — counting the two 
groups of April, 1882, together — wliioh stand out with equal dls- 
tinetness far nbovo all other siinilar displays. And we iind that 
tho three inagnobio storms wore siinultnncoiis with llio grontost do- 
volopmont of tlie spots. Is there any caonpo from tho oonohisioii 
that tho two have a real and binding oonnooUon? It may bo di- 
roo-t; it may bo indiroot and .scoondnry only ; but it must bo real 
and otTootivo.” — “Knowledge,” May, 1802. 

It is not easy to frame any satisfactory theory to ac- 
count for this connection between solar distil rbaucos and 
ter.rostrial magnotism. It hardly be in tho way of 
teniporaturo, for tho influonwj of aiiu-spots in this rc- 
spoet is 80 slight that it is still an open question wlicthor 
wo do or do not got from tho sun inbro thnn tlio avorngo 
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ftmonnt of heat during a sun-spot mnxiinum. Probably 
it is inoro iininediato and direct; porbape in some way 
kindi’cd with tlio action which drives oil the material of 
a comet’s tail, and pi'Oves that other forces besides grav- 
itation are operative in interplanetary space. Or, not 
at all impossibly, ns Mr. Maunder suggests, it may be 
indirect ; an action of some cosmic cause upon sun and 
earth together. 

Thoro arc a number of observed ' instances which, 
though not snnicient to demonstrate the fact, still ren- 
der it very ])rohable that every intense disturbance of 
the solar surface is jiropagated to our terrestrial mag- 
netism witli the speed of light. An instance fell under 
the writer’s notice in the course of a series of spectro- 
scopic observations at Sherman. On August 3, 18Y2, 
the cliromosphoro in the neighborhood of a sun-spot, 
which was just coming into view around the edge of the 
sun, was greatly disturbed on several occasions during 
tl»o forenoon. Jots of luminous matter of intense bril- 
liance wore projected, and the dark lines of the spectrum 
wore reversed by hundreds for a few minutes at a time. 
Tlicro were three especially notable paroxysms at 8.45, 
10.30, and 11.50 a. m. local timo. At dinner the plio- 
tographer of the party, who was determining the mog- 
ijotic constants of our station, told mo, without knowing 
anything about my observations, that ho had boon obliged 
to give up woi’k, his magnet having swung clear oif the 
scale. Two days later the spot had come around the 
edge of the limb. On tho morning of August 6th I 
began observations at (5.40, and for about an hour wit- 
nessed some of tho most remarkable phenomena I have 
over seen. Tho hydrogen lines, with many others, were 
brilliantly rovorsod in tho spectrum of the nucleus, and 
at one point in the penumbra the 0 lino sent out what 
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looked like a blowpipe-jet, projecting toward the up- 
per end of the apectrnm, and indicating a motion along 
tho line of aiglit of about one lumdred and twenty miles 
per second. This motion would die out and bo renewed 
again at intervals of a minute or two. Tho figure gives 
an idea of the aj)peai'anco of tho spectrum. The difi- 
turbanco ceased before eight o’clock and was not re- 
newed that forenoon. On writing to England, I ro- 


Fio. 41, 



ceived from Grroenwicli and Stonylmret, through tho 
kindness of Sir Gr. B. Airy and Kov. S, J. PeiTy, copies 
of tho photographic magnetic records for those two 
days. Eig. 42 is I’oducod from tho Greenwich curve. 
Tliat obtained at Stonyhurst is essoutially tho same. 1 1 ' 
will bo soon that on August fid, which was a day of gen- 
eral magnetic disturbance, tho three paroxysms I noticed 
at Sherman wore accompanied by peculiar twitches of tho 
magnets in Knglancl. Again, August 5th was a quiet 
day, magnotically speaking, but just during that hour 
when tho sun sjiot was active, the magnet sbiverod and 
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trembled. So far as appears, too, tho magnetic aoUon 
of tho sen was instaiitanoons. After making allowiuK'-o 
for lono-itnde, tho magnetic dietnrbanoo in I'mgland ap- 
pears strictly simnltaneons, so far ns can bo jiKlgod, 
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with the spectroscopic disturbanco seen on tho Kooky 
Mountains, and the difference can not have boon moro 
than about ten minutes. But tlio timo at Shorman 
was not noted with any great precision. 

Of course, as has boon said, no two or throo coinci- 
dences such as have been adduced aro sufiioiont to es- 
tablish the doctrine of the sun’s iminodiato magnotio 
action upon the earth, but tlioy make it so far jxrobablo 
as to warrant a careful investigation of tho matter — an 
investigation, however, which is not easy, since it im- 
plies a practically continuous watcli of tho solar surfaco. 
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It may bo added, too, that many striliing disturb- 
ances which have been observed upon tho sun, in tho 
ascent of lofty proininonees, received no magnetic re- 
sponse from tho earth ; and there have also been great 
auroras with no obvious solar correlative. Indeed, 
there is every reason to suppose that a largo proi^ortion 
of all tho magnetic disturbances at any given observa- 
tory are purely local, having notliing whatever to do 
with tho sini. Some also which are not local havo 
been traced to tho action of tlio moon, and it is not at 
all improbable that others yet are duo to causes oper- 
ating in interplanetary space. 

Solar disturbances are not the cause of our magnetic 
storms, but only one cause of soino of them ; and very 
likely a cause only in the seiiso that tho ])ulling of a 
trigger “ causes ” tho flight of a rifle-ball : there need bo 
T\o jyvoportionaUty between such a cause and its cHect. 

It would bo unfair to our readers to pass without 
notice tho remarks of Lord Kolviu in a recent presiden- 
tial address to tho Koyal Socioty (November, 1.802), ex- 
pressing his dissent from tho accepted view of tlio 
relation wo liavo boon discussing. Taking tho magnetic 
storm of Luiio 26, 1885, as an example, ho computes that 

“ III this eight hours of a not very aovoro mngiietio Btorin fls much 
work must have boon done by tho sun in sending mngnolio waves 
out in nil dircotiona through spaoo ns ho aotually does in four 
months of his regular heat and light. TJds result," ho adds, “It 
seems to mo, is nhsolutely oonolusivo against tl)o supposition that 
terrestrial magnetic storms are duo to magnotio notion of tho 
sun, or to any kind of notion taking plaoo within tho sun, or In 
oonnootion with liurrionuos in bis ntinosphoro, or anywhere near 
tho sun outaldo. It sooms ns if avo may also ho forced to con- 
oludo that the supposed oonnootion hotwoon magnotio storms and 
sun-spots is unroal, and that tho seoining agroomont hotwoon tho 
periods has boon a inoro ooinoldonoo.” 
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And yet, with all dcforonco to so hif^li an autliorif;^', 
and without questioning the accura(5y of his (jalciilatioiiH, 
they seem really to bo no more condusivo Ilian a 
pntation to show that tlio work clone by an explonion 
vastly exceeded the power of tho person ^I'lio preSKi'il 
the firing button. The nature of the iniKthanism \ty 
which the connection is established niay, and still 
does, remain uncertain, but the statistics leave no doubt 
as to the reality of the connection ilsolf. It is not, pi'i’- 
haps, outside tho limits of possibility, ns before bin let 1, 
that both the solar and terrestrial <listui'bHiice have Ji 
common origin in some invasion of power or nin(lt*r' 
from outer space — that the solar tnimilt is the brollic^J' 
and not the father of our own aurora. 

As to the effect of sun-spots iqion tern^slrial tcinpcu*- 
atnre, no conclusion seems possihlo at present, 'riii* 
spots themselves, as Henry, Secehi, Liinglc'y, luid oIImth 
have shown, certainly radiate to na less heat than ilu! 
general surface of the sun, Accoi-cling (o the elahoratci 
determinations of Langley, tho nmlira of a h[)ot eniiLs 
about fifty-four* per cent, and tlie ])ennmbi'a alieiit 
eiglity per cent, ns much bcal us a corresponding urea 
of the photosifiicre, Tho elTect of su n-spo|.s in, 

tlierofore, to mako tho earth cooler. As the total nrc*a 
covered by spots, oven at tho time of maximum, never 
exceeds of the whole surface of tho sun, it folloWH 

*T)ic mostrccont obHoi'vntionH, tlioao nmdo at Barainoim, in Ifolniid. 
by W.E, Wilson, in lft0,3, witli a “ rndio-inicronioloi*” niul ollior niipnrnhiH 
of the highest order, give about forty-six per ofint. for ihifl rntlo. .All ab. 
servers find that it inorcasoa near tlio limb of llio aim, and both bniigloy 
and Frost have encountered cases where tho umbra of a spot was npimr- 
ontly warmer than the smToundlng ])hotoflplioro; a fact whleli, If not Uu. 
result of some error of observation, is dlllloult to explain on tho theory 
that spots are cavities, though a nocesanry oouRoquonco If tlioy, llko tUo 
faciila), are masses floating at somo olovallon above tho photospheiu 
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that direotly they may dimitUBli our hcat*8iipply by 
-ftbont of tlio whole. Whothor this offcct would 
bo sensible or not, is a question not easily aiiswerccl. 

But, while the direct effect woiiUl bo of this nature, 
it is quite probable that it is at least fully conipensatcd 
by another of the opposite character. Wo get onr light 
and heat from the photosphere which is covered by an 
atmosphoi’G of gases, and in this atmosijhcro a consider- 
able absorption occurs. Now, if the level of the pboto- 
sphoric surface bo disturbed, so that it is covered M’itli 
waves and elevations of any considerable boiglit, as 
compared with the thickness of the overlying atnios- 
phore,. then, as Langley has shown, the radiation will 
at once be increased ; since, while the absorption is in- 
croasocl by a certain percentage for those portions of 
the photosphere which ai’O depressed below their ordi- 
nary level, it is mneh more decreased for those that are 
raised. 

• The reason of tins is that, when a hnninoua object 
is immersed in an absorbing medium It loses miieb 
more light for tlie first foot of siibmorgcnco than for 
the second, and nioro for the second thaji for the third ; 
so that when it has reached a considerable depth it re- 
quires an additional subincrgonco of many foot to di- 
minish its radiation as much as the first foot did. If, 
therefore, snn-spots are accompanied by cousklorablo 
vortioal disturbance of the photosphoro, as is almost 
cortaiii, we must have as a result an increased radia- 
tion on account of the disturbance, offsetting, more or 
loss entirely, the opposite effect which is at first view 
most obvious. 

Then, again, it is altogofchor probable that spots are 
either duo to, or nocompanied by, an eruptive action — 
the internal, and hotter, gases bursting through the pho- 
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tosphoi'o with nmisiml abundance during seasons: oi 
spot-nifiximiiin. Tins must necessarily tend to' increase 
tlio eniission of heat from tlie sun, and ])osSib]y by a 
considorablo amount. Hut, on the other liaiul, ftuy 
coiisitlorable increase in tlio tliickness of tho’ clironiO' 
8])hcre, sueli ns might result fi’om abundant arid long- 
continued eruption, would work in tho opposite clii'oc- 
tioii. 

It is impossible, therefore, to predict, apHori^ which 
effect will predoniiiiato, or to srty wiiethef the 'mean 
tempera tiire of the earth ought to be raised dr 'lo\vorcd 
during a sun-spot intuiinum ; and .tliiis far' no^ corn [pri- 
son of observotions has settled the matter do: genoi'al 
satisfaction. At least, no longer ago than 1-878, Hal four 
Stewart, who ought to know if any one, writds,'“lt is 
nearly, if not absolutely, impossible, from Hie bbsqrva- 
tioiiR already made, to toll wliotlier the sun bo hotter or 
coldor, as a whole, when thci’e ai-o most spots uii liis 
surface.” ■ "i' 

On the one hand, Jelinok, from all temperatiiro 
observations available in Germany up to 1870, foivncl 
the inlluonco of siin-spots entirely inappreciable, (hough 
from the same observations ho did deduce minute eftocts 
produced by the changes in the distance and phaso'of' 
the moon. On tho other hand, Mr. Stone, whilc astrbiro-^ 
mor royal at the Capo of Good Hope, and Mr. Gould, iii) 
South America, consider that tho observations • takon afe 
their stations show a distinct though slight diminution 
of imnpe^'aiuTe at tho time of a sim-spot maximum i? 
according to Dr, Gould the difference at IBuonos Ayroa 
between maximum and minimum amounts to abonfj 
1|-® Fain*. Ho also considers that tlio inoteorologieal 
records of tho Ai'gcntino Hcpiiblio between 1875 and- 
1885 show a distinct connection between^ tho suii-spoW 
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and tlie force and direction of tlio winds at tlio various 
stations. At tlio Cape of Good Hope, Mr. Stone finds 
the difference to be about three fourtlis of a degree 
from thirty years’ observations — at least, if wo rightly 
interpret )ii8 curve of temperatures, for it is not quite 
clear whajt unit of temperature is used in constructing 
his diagram. 

At Edinburgh, Pia^zi Smyth finds in the records 
of the rock thermometers a marked eleven-year perio- 
, dicity, of whicli tlio range amounts to about a degree 
(Fahr.), and the maxima, instead of coinciding with the 
sun-spot minima, come about two years behind them. 

On the whole, perhaps, ns things now stand, it would 
be fair to say that there is a small balance of probability 
in favor Of the statement that years of sun-spot maxi- 
mum are a degree or so cooler than those of spot-mini- 
mum ; but the balance is very slight indeed, and the 
next investigation of somebody else may carry it to the 
Other side. ’ , 

' As regards the influence of sun-spots upon storms 
and rainfall, tho evidence, if not entirely conclusive, as 
it is consiclorod by Mr. Lockyer and some other high 
authorities, is at least considerably stronger. In 1872 , 
Mr. Meld rum, director of the observatory at tho Man- 1 
ritins, published a comparison between the number of 1 
cyclones observed in the Indian Ocean and the state of j 
the sun, and pointed out that the number of cyclones 1 
was greatest at the time of a sun-spot maximum. AYe 
quote his words (“Hature,” vol. yi, p. 358): “Taking 
the riiaxima and minima opoehs of tho sun-spot period, 
aiid one year on each side of them, and comparing tho 
.number of cyclones in those threo-ypar periods, we got 
the following I'osnlis : 
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Subsequently Mr. Mold rum mnclo more ox ton at yo 
comparisons, inolucling not only cyclonoa proper, biifc 
other great storms, and brings out oasontinlly the aanio 
results. At the same time it is to bo noted that tho 
yearly numbers vary enormously, and, on roforring to 
his second paper (“iN'aturo,” vol. viii, p. d-Ofi), it will bo 
found that tho number for tlio siin-spot inaximiun, 
18dY-d9, is only twenty -three, while that for tho miiu*» 
mum, 186 G- 08, is twoiity-ono. (Mr. .Mold rum conxos 
tho first sun-spot maximum a Hitlo by using tho yoare 
1848-^60 in Ins comparison j rathor unwarrantably, it 
would seem, since tlio epoch of spot maxinunn 'waa 
18d8’l : by using tlioso years, ho gota twonty-six ins toad 
of twenty-three.) 

Tho variations from year to year aro so oxtroino that 
it is sufficient to say that tlio observations can hardly bo 
considered as deiponstrativo without inuoh furthor con- 
firmation from other sources. 

Mr, Mold rum nas attempted to snpjily tins con Urina- 
tion by tabulating the rainfall at a numbor of stations 
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in and near the Indian Ocean, and obtains a result eon- 
'■fi I'lnatorjr on tho wbolo, though tlioi'O am several discmp- 
njicicfl, Mr. Lockyor, from observations of tho rainfall 
nt tho Oape of Good Hope and Madras, gets corrobora- 
■ti VO ligures. 

Mr. Meldnnn, in a still later paper publislicd in the 
^Monthly Hoticos of tho Mauritius Meteorological So- 
ciety,” for December, 1878, discusses at length tho 
I’ainfall of more than fifty different stations in all parts 
of tho earth, and also the levels of many of the princi- 
pal European rivers. Tlie discussion covers nearly all 
tlio available data from 1821 to 18G7. It is only just 
to IMr. Meldriiin to say that the treatment scorns to bo 
Buflieiently thorough, perfectly fair, and the result on 
tile whole is in favor of his opinion that there is n real 
connection between the annual rainfall and tho state of 
tlio solar surface. He finds tho average rainfall for tho 
ctu'th to bo about 38*6 inches annually; the range be- 
tween the inaxiiiiinn and minimum is about four inches ; 
and the rainfall maximum occurs about a year after tho 
31111-spot maximum, thougli with a good deal of varia- 
tion at difleront stations. In some countries, indeed, 
and at some times (in the United States, for instance, 
between 1831 and 1843), tho results conflict with tho 
blicory, but tlic general accordance is striking, and seems 
to warrant his coucluding statement that “ the mean 
rainfalls of Great Britain, the Continent of Europe, 
A^incrica, and India, as ropresontod by all the returns 
fcliat have been received, have, notwithstanding anom- 
alies, varied directly as Wolf’s sun-spot numbers have 
varied, and tlio 0 j) 0 chs of maximum and minimum rain 
tiavo nearly coincided with those of dm sun-spots, Tho 
rainfalls at five stations in tho sontlicrn hemisphere, for 
dxortor periods, give similar results.” 
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Mr. Sjraons, from tlio Britisli rainfall of Iho paat 
one Iiundred and forty years, gets an equivocal result. 
American stations, so far as they have been tested, ai'o 
on the whole rather in opposition to thoBO of the Indian 
Ocean, indicating somewhat less rain than iisiml during 
a sun-spot maximum. But, as any one can see by con- 
sulting Mr. Symons’s paper in “Nature,” vol. vii, ]>p- 
143-145, in which he has tabulated an iintnonso niimboi' 
of rainfall statistics, the evidence is extromoly eonfliot- 
ing^ — altogether different in force and eharactor from 
that which demonstrates the magnetic influonco of solftf 
disturbances. 

Still other attempts have been mado to establish ft 
connection between sun-spots and various terrestrial 
phenomena. Thus, Dr. T. Moffat, in 1874, published 
results tending to show that in sun-spot years tho aver- 
age quantity of atmospheric ozone is soinowlmt greater 
than during a spot-minimum. 

Another eminent physician, whose uamo oscapes us,, 
endeavored, some years ago, to show that tho visitations 
of Asiatic cholera are periodical, and that their period 
depends upon that of the sun-spots, being just onoe and* 
a half m long— &hont fifteen years. This ])oriodicity 
may be real,, y but, if so, the fact that tho choh 
era maxima are alternately synchronous with the max- 
ima aud minima of the spots, would bo sulficiont to 
disprove the idea of any casual connection between tho 
phenomena. 

One of the most interesting of tho essays in this 
direction, is that of Professor Jo von s, who sought to 
show a relation between sun-spots and commercial 
crises. Tlie idea is by no means absurd, ns some linvo 
declared — it is a mere question of fact, If stin-spotB 
have really any sensible effect upon toiTOBtrial meteor- 
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ology, npon temperature, Btorms, and rainfall, they must 
thus indirectly affect the croi?8, and so disturb financial 
relations ; in such a delicate organization as that of the 
world’s commerce, it needs but a feather-weight, rightly 
apijlied, to alter the course of trade and credit, and pro- 
duce n “ boom ” (if wo may bo forgiven the use of so 
convenient a word) or a crash. 

We have not time or space to discuss Mr. Jevons’s 
paper, but must content ourselves with saying that, to 
us at least, the facts do not seem fairly to warrant his 
conclusion. 

It can do no harm to roitorato and omphasizo what 
was said a few pages back, that the question of sun-epot 
influonce can not be considered ■ settled ; and that the 
only method of deciding it is by a continuous series of 
careful observations, conducted specially for the pur- 
poso, or at least conducted with reference to the con- 
ditions of the problem, since the same observations 
would also bo useful as data for various other invosti- 
gations. 

While it is not at all unlikely that investigation 
will result in establishing some real inff nonce of sun- 
spots upon our terrestrial meteorology and determin- 
ing its laws, it is practically certain that this infiuonco 
is extremely slight, and so masked and veiled by other 
infiuoneos more powerful that it is extremely diffi- 
cult to bring to light, 

SUN-SPOT THEOIHUa. 

Naturally, the romarkablo phenomena of the sun- 
spots have invited spooulation as to thoir cause, 

As has been mentioned already, some of tho early 
obsorvors believed tho spots to bo planetary bodies cir- 
culating around the sun, very near its surface. This 
18 
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opinion Galileo unanswembly refuted by pointing out 
that in that case the spot, in its inovoinont around tho 
Bun, ought to be visible less than half the time. He, 
on the other hand, proposed the theory that they are 
clouds, floating in the solar atmosphere. 

This view, in one form or another, has eiuco been 
lield by many astronomers of great authority. Durham 
believed these clouds to be eruptions from solar volca- 
noes, and in our own times Capocci has adoj^tod and 
maintained the same theory, Peters seems to have con- 
sidorod it favorably in 1846, at least so far as tho vol- 
canic part of tho hypothesis is ooncerned, while Kirch- 
hoil seems to have assented to Galileo’s original opinion 
unmodiiied. If the statement bo intorprotod to moan 
tliat sun-spots are masses of cloudy matter, less luminous 
than tho photosphere, and floating wi, not dl) 0 'oe^ tho 
pliotosphoro, probably a very largo proportion of tho 
students of solar physics would to-day agree to it. Gal- 
ileo, however, believed the spot-clouds to bo high above 
the shining surface, which we now know not to ho the 
fact; for the observations of Wilson, in 1769, men- 
tioned a few pages back, and tho whole body of obser- 
vations since then, have made it almost certain that tho 
umbra of a sun-spot lies several lumdrod miles below 
tho level of tho photosphere.* 

Dalando, however, was not disposed to accept Wil- 
son’s docti'lno, and maintained that tho sun-spots are 
the tops of solar mountains projecting above tho Inrai- 
uous surface — islands in tho ocean of fire. In this hy- 
■pothosis the penumbra is accounted for by tlio shelving 
sides of the mountains seen through tho scini-trans- 
paront flame. It will be noticed that tho theories 

* But wo must not overlook Mr, Ilowlott’s coiioluslons (p. 120), nor 
tho obsorvatlouB of B, iVIlson tind Frost (noto to p. I'/O). 
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already montioncd, as well as that of Sir ‘William 
Hcrschcl, wliich wo must now present, all proceed 
upon the assumption that tho central core of the sun 
is solid. 

About the beginning of tho present century, Sir 
William Herschel, after a careful study of tho facts, 
but much influoncod by the belief that the sun must 
(for theological reasons) be a liabitable body, jiroposed 
an hypothesis which stood unchallenged for nearly half 
a century. 

Fro. 48. 

photo-spserc. 
pemumbralclooo. 

BOOV or SUN. 

W. 8un-Bj'ot Tiiroiiy. 

Ho supposed tho central portion of tho sun to bo 
solid; its surface cool, nonduminous, and luibitablo. 
Around this he i^laced two envelopes of cloud — tho 
outer one, tho photosphere, incandescent, blazing with 
unimaginable fury ; tho inner one non-luminous, dark 
itself, but capable of reflecting light from its upper sur- 
face, and acting as a screen to protect tlio underlying 
country from tho heat of tho photosphere. The spots 
ho supposed to bo caused by temporary openings in 
tho olouds, through which wo could look down uj^on 
tho dark surface of tho contriil globe ; tlio })enuml)ra 
being caused by tho iiUonnodiato cloiul-layor, opening 
less widely than tho photosphere. The figure illustrates 
this tlioory. As to tbo cause of tho openings ho uttered 
no decided opinion, though suggesting that they might 
be duo to volcainc eruptions, forcing their way up 
through tho highor atmosphoi’o, 

His son, Sir John Horschol, many years later, pro- 
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posed an explanation wliicli would make the spots to be 
great whirling storms loving down through the photo- 
sphere and clouds, instead of eruptions pushing their 
way outward. According to him, the rotation of the 
sun caiises an accumulation of the solar atmosphere at 
the sun’s equator— a thickening of the layer which ob- 
structs the radiation of heat. This being so, there should 
be on the sun, as on the earth, though Cor an entirely 
different reason, a temperature higher in the equatorial 
regions than elsewhere ; and then would follow a long 
train of consequences, among them these ; the solar at- 
mosphere would be disturbed by currents like the trade- 
winds on the earth ; there would be stormy xiones on 
each side the equator, and these storms would furnish 
an explanation of the spots. 

To a certain extent, the cause adduced must actually 
exist. The sun’s rotation must necessarily thicken tlio 
atmospheric layer which overlies the jdiotosjihero (i. b.', 
it must, if the surfaces of the photosplieile and ’’eliromo- 
sphero can be regarded as leml surfaces), and this cause 
must tend to raise the actual temperature of the sun’s 
equator, while’ at the same time it must diminish its 
radiation to tho earth, and so render the solar equator 
appai'ently cooler^ as tested by our obsoi'vations from 
the cartlu J5ut, so far as can bo judged, this effect is 
quite insensible, as it should be, sinco the sun’s rotation 
is so slow ; and the motions of the spots sliow no sudh 
systematic drift north or south as solar trade-winds 
would necessarily ])rodueo. 

The older Herschel’s theory satisfies all tho tcle- 
BGopio appearances of sun-spots quite as well, perha2}S, 
as any yet proposed. It breaks down in its assumption 
that the pnnoipal portion of tho sun is a solid mass, an 
assumption which is now almost universally regarded 
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as incompatible mtli wlmt wo know, of tlio solar tem- 
perature, radiation, and constitution. 

It scorns to modern pfiysicists an unavoidable con- 
clusion that the sun’s central mass must bo gaseous, or 
at least not solid. Sotting out with this idea, Faye and 
Secchi independently, about 1868 , proposed the theory 
that the spots are openings in the photosphoro, through 


Fia, 41, 
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which the internal gases are bursting outward. Wo 
present one of Socchi’s figuroa illustrating this view. 
But it was abandoned by its proposers as soon ns it was 
clearly pointed out that in that case the spoctriun of 
the umbra of a sun-spot should bo composed of bright 
linos ; and Secchi himself and others had shown that it is 
not so at all, but a spectrum duo to increased absorption, 
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and jirohablj indicating, not an up-rush of heated gases 
tlu’ongh tlie photospliore, but a descent of cooler 
and less luminous matter from above. In this connec- 
tion the observations of the vTiter and of I)un6r may 
bo referred to (page 182). .But the theory has great 
vitality. .Mr. Proctor, in his “ Old and Now Astron- 
omy,” maintained it, and it continually turns up in 
the speculations of pojmlar writers. About 1870 Zbll- 
nor proposed a peculiar theory which has many good 
points about it, but scorns obnoxious to fatal objec- 
tions, and has found very few dofenders. lie conceives 
the surface of the sun to hii liquid—^ molten mass over- 
laid by an atmosphere of vai)or. This li(|aid surface he 
imagines to be hero and there covered at times by slag- 
like masses of much lower radiating power, tlio result 
of local cooling. Around thoir edges the solar flames 
bui’st out with j’cdoubled fury, but at the center the 
cooler mass of scoria determines a downward current, 
so as to establish a powerful circulation in the solar at- 
mosplicre — downward at the center of tho spot, outward 
in all directions at tho surface of the slag, uiuvard all 
around its margin, and inward, toward tho center, in 
tlio u]ij)er air. This theory admirably agrees with tho 
specti'osoopic phenomena ; but the hy]mthe8i8 of a con- 
tinuous lirpiid shell, cool enough to permit the forma 
tion of scorirc, seems inconsistent with other phonom* 
enn, which make it impossible to admit so low a tom- 
pcratiirc at so great a depth. 

At present, opinion, for tho most part, seonis to be 
divided between two rival theories proposed by Faye 
and Socchi. 

Faye conceives tho sun-spots to bo the effect of 
solar storms j Sccehi believes tliem to be dense clouds 
of oruption'pi’odncts settling down into tlio photo- 
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Bplicro near<t but not at^ tlio points where they wore 
ejected, 

Faye, it will be rememborodj supposes the sun’s pe- 
culiar law of rotation to be duo to tho hypothetical fact 
that tho ascending masses of vapors (which form tho 
photosphere by their condensation) start from a stratum 
whoso depth below tho visible surfaco regularly diiniii- 
ishes from the equator toward the poles. Hence re- 
sult currents ])arallol to tho equator, and the eonsc- 
quonco is that, generally speaking, neighboring portions 
of the photosphere have a relative drift. At the equa- 
tor and at the poles this drift vanishes, but is most con- 
siderable in the middle latitudes. How, it is Faye’s 
theory that, in consequence of this relative drift, eddies 
are formed, ns explained on a preceding page; theso 
eddies become cyclones or whirls precisely analogous 
to those seen in water where a rapid current is obstruot- 
ed by an obstacle. In such a ease, as every one knows, 
tunnel-shaped vortices are formed, down which floating 
materials and air are carried to considerable depths. 
Our terrestrial whirlwinds and tornadoes are producocl, 
according to Faye (but in opposition to tho generally 
received theories), in a similar manner, beginning from 
and penetrating downward until tho point of tlio 
whirling vortex reaches and sweeps the earth. How, 
such a vortex, on tho solar scale, is the essence of a sun- 
spot, according to Faye, 

It is evident at once that this theory gives a reason- 
able explanation of tho distribution of tho spots in two 
parallel xoncs on oacli side of tho sun’s equator, and that 
tho drifting action, in which tho causo of tho spots is 
Biip]:)oscd to Ho, is a v&n'a oaum, 

Tho theory accords vory well, also, with tho phe- 
nomena which accompany tho subdivision of spots, 
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since whirls in water and cyclonoa in the torroa trial 
atmosphere behave in precisely tlio same sort of way. 
It fairly meets, too, the spectroscox^ic inclicntioiis. 'L'ho 
cavity filled with descending vapors would naturally 
give just such a kind of spectruni as that which is ordi* 
narily observed. Moreover, the gases carried down in 
the vortex below the pliotosphere, oapccially tlio hydro- 
gen, would boil up again all around the whirlpool, and 
thus we could account for the ring of faeuhn ami j)roin- 
inences which, as a general rule, environs every spot of 
considerable magnitude. Some of the more obvious 
objections can also be easily disposed of. Tiuis, it 
has been said that, if the sun-spotH are such vortices, 
they ouglit to be circular in outline. Faye replies that 
we see, not the vortex itself, but a groat cloud of cooler 
gases, sucked down from above and gatliorod into tlio 
storm from all sides, and the form of this cloud would 
depend upon a multitude of circumstaneos, 

But there are other objections which are not so easily 
met. It the theory be true, all spots aro whirls and 
ought to show a vortical motion, and, what is more, all 
spots north of the equator ought to whirl in the saino 
direction, and against the hands of a watcli (as soon 
from the earth), while those in the sun’s southern homi- 
sphere should revolve in the contrary dii-ection, pre- 
cisely as cyclones do in the atmosphere of the earth. 

Ifow, this is not the case at all. As wo have soon^ 
only a very small percentage of the spots show any 
trace of vorticose motion; and, so far from obsorving 
any uniformity in the direction of rotation on oaoh side 
of the equator, we frequently find dWferont mombora of 
the same group of spots, or oven dilforont portions of 
the self-same spot, revolving oppositely. 

In fact, when we come to look into tho mafctor nn* 
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meiically, wo find that tlio dHft^ which Fayo makes 
the determining factor of sun-spot genesis, is far too 
slight to produce such effects. 

It is very easy to compute this drift if wo assume 
the correctness of Faye’s own formula for tlio niotiou 
of a point on tlio sun^s surface in any given solar lati- 
tude, viz., Y' = 862' — 186' sin* V' in this formula 
being the number of minutes of solar longitude passed 
over by any given point in twenty-four hours. 

I f wo apply this formula to two points on the solar 
surface, one in latitude 20° and the other in latitude 
20° 1', i. e., about 123 miles north of the first, we shall 
find that the first has a daily motion of 840’242' and 
the second 840*207', a difference of only *036', or (in 
this latitude) 4*17 miles. That is to say, if wo take two 
points on the solar surface, on tho same meridian, in 
latitude 20°, at a distance of 123 miles, the one nearer 
tho equator will, at tho end of twenty-four hours, have 
drifted about 4^ miles to tho eastward of tho other. 

If wo make tho same calculation for latitude 45°, 
we get a result a trifle greater — about 4^ miles per day. 

With tliose figures it is easy to see why tho sun-spots 
do not behave more like tho disturbances of onr terres- 
trial atinosplioro, in exhibiting cyclonic motion as a 
regular and invariable characteristic, instead of an occa- 
sional and ratlier a rare phenomenon. 

Secehi’s latest theory is based cssontially upon tho 
idea, certainly borne out by observation, that eruptions 
are continually breaking through the photosphere, and 
carrying up metallic vapors from tho regions beneath. 
Ho imagines that those vapors, after becoming consid- 
erably cooled, descend upon tho photosphere and form 
dopressions in it, which are filled with those loss lumi* 
nous and absorbent materials. It is diflicult to see why 



186 


TEE SUN* 


the effect should remain so persistent, or why, cvoii if 
the eruption be long maintained, the cloud sliould unii- 
tiniiG to descend in the same 2>la{io. in fiUit, uh \\'nM 
said only a few moments ago, u spot is gonorally siir- 
rounded by a ring of eruptiojis, Uiul IhingH lako plfna> 
as if they were all pouring tlieir c’jeotioiis into tlui Hiiinti 
receptacle — as if there were, in I'act, some siuii <]«j\vn- 
ward suction through the center (jf the spot us tlui tln-- 
ory of Fayo supposes, an aspiralum (iapablo of dniwiii^g 
in toward the spot all erupted niuLorials in I, bo vicdiiity. 

The sun-spot theories of Lockyor and H(!huid)m'h\ 
already referred to on page 148 in (soniujction wltli llin 
explanation of the ccpiatorial a{!t)cloration of the sum’h 
rotation, agree with this theory of Hocchi’s in iittrihHttii,g 
the spots to the downfall of miittor from u grout ele- 
vation. Sclmeboiie supposes it to bo miittor siinply 
blown out by eruptions, somo of if: with fortio oneiigh 
to carry it out oven to the orbits of rlupiter and Saturn ; 
on its return it penetrates and all ills tlio photoHpluii'o. 
Mr. Lockyer, if wo understand liini rightly, in hia uiig'- 
pstions which form the closing cljnpter of tlio “(Jlioiii- 
istry of the Siin,^’ is rather disjiosecl to tliink that tlio 
“iron” and such other substances ns by lluiii' fall pro- 
duce the spots are formed by the union and (iombina- 
tioii of their elementary constituonts, w]ii(!h have uh- 
conded in a “ (hssooiated^^ condition to the U[)jior rogionu 
of the solar atmosphere. There, wlioro the tompomtni’o 
18 no longer above the “dissociation” point, tlio atoiim 
lecombine into molecules of iron-vapor, etc. ; tbo vapoj'H 
condense into clouds and liquid mnssos, and tlieso do- 
scond upon the photospboro. They absorb bout all tho 
way clown, by re vaporisation and now dissociation chill- 
ing tlio photospboro whore they piorco it and ciausirig a 

splash or up-rnsh of the photo8X)lioric inatfcor and itc 
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underlying gases all around tlio spot, 'whicli wo recog- 
nize as faculro, proirii nonces and metallic eruptions. 
According to these theories the Jacnlse and eruptions 
are Gonseq^iienoes of the formation of the spot: accord- 
ing to Sccohi i\\Qy j)veoede and cause it. It would scoiii 
easy to decide the question by observation, but it does 
not appear to bo so; on the whole, however, the weight 
of evidence is pretty strongly in favor of the opinion 
that facnlro and pores and a general distnrbanec of the 
region are usually obvious before the spot manifests it- 
self ; and it must bo admitted that in aomo cases the 
appearances piizzlingly I’csomblc the omorgcnco of a 
dark ina8sy>*ci»2. Ijeneath. 

Probably both Lockyor and Schacborlo would chcor- 
fnlly accept Sir John llerschGl’s theory to a certain ex- 
tent — that some of the spots may bo duo to the full 
upon the sun of groat meteors from outer space. While 
it is hardly possible that, dirccily^ a meteor, such as we 
know motcoi's upon the earth, could by its fall produce 
oven a small sun-spot, it is not easy to say what might 
be the indircGt oifocts consequent upon its passage 
through the photosphere, and its disturbance of tho 
dynamical equilibrium. 

The writer sometime ago suggested a modification 
of Sccohi’s theory, which seems to remove some of the 
objeetions, and appears on the whole more probable 
than any of tho otliors. It may bo that the spots aro 
depressions in tho photosphoric level, caused not directly 
by tho pressure of tho oriiptod materials from above, 
but by thii dimimdion qf v^ward) p'essureivom below, 
in consequence of eruptions in tho neighborhood ; tho 
spots thus being, so to speak, ainhs in tho pbotosplioro. 
Undoubtedly tho photosphere is not a strictly continu- 
ous shell or crust, but it is hemy as compared with tho 
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uncondensed vapors in wliich it lies, just as a rtiiii-cJoinl 
in our terrestrial atmosphere is heavier than tlio iiii'j 
and it is probably continuous onongh to liavc its uppiM* 
level affected by any diminution of presauro holcjw, 
The gaseous mass below the 2:)lioloaplioro fiupportfl 
weight and the weight of the products of condensation, 
which must always bo descending in an ineouceiviiblo 
rain and snow of molten and crystnlliml mnlorial. 'I’o 
all intents and purposes, though nothing but a layer of 
clouds, the photosplioro tlius forms a couslrieting wlicdh 
and the gases beneatli are imprisoned and eoniprossocl. 
Moreovei’, at a high temperature tlie viscosity of 
is vastly increased, so that quite probably tbo matter 
tlie solar nucleus resembles pitch or tar in its ceiiHiKl.- 
ency more than what we usually think of as a gnn. 
Consequently, any sudden di>ninution of pressure would 
propagate itself gradually from tI»o point whore it t)t5- 
currcd. Putting these things together, it would seem 
that, whenever a free outlet is obtained througli tli« 
photosphere at any point, thus docrensing tbo inward 
pressure, the result would ho tho sinking of a jjortioii 
of the photosphere somewhere in the iinincdiato neigh- 
borhood, to restore the cqnilibriuin ; and, if tho ornp- 
tion were kept up for any Icngtli of time, tlie doproGsi<Jii 
in the photosphere would contiiuio till tho crnptipii 
ceased. This depression, filled with tho overlying gason, 
would constitute a spot. Moi’oovor, the lino of 
turCjif wo may call it so, at tho edges of tho sink wonhl 
be R region of weakness in the photosphere, so that wo 
should expect a series of eruptions all around ’ the spot. 
Por a time the disturbance, thorefoi-o, would grow, and 
the spot would enlarge and doopon, until, in spito of 
the viscosity of tho intornal gases, tho eqiiililminn of 
pressure was gradually restored bonoath. So far as wo 
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know the epcctroscopic and visual phenomenaj none of 
them contmclict tliis hypothesis. 

As regards the limitation of the spots to certain 
latitudes, this, as has been said already, almost certainly 
will find its explanation in that of the equatorial accel- 
eration. ll’aye, Belopolsky, Lockyer, and Schaoberle, 
all present such explanations. Selmeberlo’s discussion 
of the subject may bo found in “ Astronomy and Astro- 
Physics,” for April, 1894. We shall have occasion to 
refer to it again in connection with the corona. 

Wliatcvor may bd the cause of spots, it is probable 
that the annexed figure gives a fair idea of the arrange- 
ment and relations of the. photospheric clouds in the 
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neighborhood of one. Over the sun’s surface gener- 
ally, these clouds probably have the form of vertical 
columns, as at a <x. Just outside the spot, the level of 
the photosphere is usually raised into faculas, as at 5 &. 
These faculce are for the most part overtopped by 
eruptions of hydrogen and metallic vapors, as indicated 
byi the shaded clouds. Of those metallic eruptions we 
shall have more to say in the chn|)tor upon the chromo- 
sphero and prominences, only remarking here that, 
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'vvhilo tlio great clouds of liydrogon aro found evcry- 
wlici’G upon the sun, tliese sjuky, vivid outbursts' of 
metallic vapors seldom occur, except just in tho neigh' 
borliood of a spot, and then only during its seuson of 
rapid change. In the penumbra of the spot tho photo- 
spherio filaments become more oi’ less neai'ly horizontal, 
ns at^^ / in tho umbra, at it is quite uncertain what 
tho true state of affairs may be. We have eonjocturally 
represented tho filaments there as vortical also, but de- 
pressed and carried down by a descending current. Of 
course, the cavity o o is filled by tho gases which overlie 
the photosphere ; and it is easy to see that, looked at 
from above, such a cavity and arrangement of tho 
luminous filaments would present the appearances aotu- 
ally observed, 

Oppolzor, of Yienna, in 1893 proposed a new theory 
bused largely upon Hann’s I'esoarches on tho tempera-, 
tiiro effects of vortical atmospheric currents. Such cur-, 
rents are 8uj)posed to rise periodically fropi tho polar 
regions of the sun, to drift slowly toward its equator, 
and to descend in the spot zones, hecoirmuj heated mid 
“ d/i'ied ill their desomit^ thus forming in tho photo- 
spliero cavities which are filled with metallic vapors in 
jniroly gaseous condition. 

In many ways the tlieory admirably oorrosponds 
with facts, explaining better than any other tho peculiar 
character of tho sun-spot spectrum, Spooror’s law of 
sun-spot latitudes, and the otherwise puzzling observa- 
tions of Langley and Frost upon sun-spot tempornturos 
(page 170, no to), Lut the polar streams themselves are 
unaccounted for, and it remains to ho soon how this 
“meteorological” theory will withstand other adverse 
criticisms. 
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What we see of tlie sun under ordinary circum- 
stances is but a fraction of his total bulk. While by 
far the greater portion of tbo solar mass is included 
within the photosphere — the blaxing cloud-layer, which 
seems to form the sun’s true surface, and is the princi- 
pal source of his light and heat — yet tlie larger portion 
of his wUmie lies without, and coustitiitos an atmos- 
phoro whoso diameter is at least douhle, and its bulk 
th or of ore sevenfold that of ilio central globe. 

Atmosphere, however, is hardly the jiropor term ; 
for this outer envelope, though gaseous in the main, is 
not spliorical, but has an outline exceedingly irregular 
and variable. It seems to be made up not of overlying 
strata of different density, but rather of flames, beams, 
and streamers, as transient and unstable as those of our 
own aurora borealis. It is divided into two portions, 
soparatod by a boundary as dofiiiito, tliough not so 
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regular, ns that whicli parts them both from the photo^ 
sphere. The outer and far more extensive portion, 
which in texture and I’arity seems to resemble the tails 
of comets, and may almost, without exaggeration, bo 
likened to “the stuff that dreams are made of,’’ is 
known as the “coronal atmosphere,” since to it is 
chiefly due the “ corona ” or glory which surrounds the 
darkened sun during an eclipse, and constitutes the 
most impressive feature of the occasion. 

At its base, and in contact with the photosphere, is 
what resembles a sheet of scarlet fire. Tho appearance, 
which probably indicates a fact, is as if countless jots 
of heated gas wore issuing through vents and spiracles 
over tho whole surface, thus clothing it with flame 
which heaves and tosses like tho blaze of a conflagra- 
tion — “ like a prairie on fire,” to quote tho vividly de- 
scriptive phrase of Professor Langley. 

This has received tho name of chromosphere, a 
designation first proposed by Prankland and Lockyor 
in 1869, and signifying “color-sphere,” in allusion to 
the vivid redness of the stratum, caused by the pre- 
doniinanco of hydrogen in these fiames and clouds, It 
was called tho “ derra ” by Airy in 184:2, and Proctor 
and some other writers prefer that name to tho later 
and more common appellation. 

Hero and there masses of this hydrogen mixed with 
other substances rise to a groat height, ascending far 
above tlio general level into tho coronal regions, whore 
tlioy float like clouds, or are torn to pieces by contend- 
ing currents. Those cloud-masses are known as solar 
“prorainoncos,” or " protuborancos,” a non-committal 
sort of a])pellation applied in 184:3, when they first 
attracted any considerable attention, and while it was 
a warmly-disputed question whether they wore solar, 
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lunar, plionoinena of our own atniosplioro, oi’ oven mere 
optical illiisioiif!. It is unfortunate that no more appro- 
priate and grajdiic name has yot been found for objects 
of such wonderful beauty and intorest, 

Until recently, the solar atmosi)here could he seen 
only at an eclipse, when the sun itself is hid don by the 
moon. INfow, however, the spectroscope has brought 
the chromosphere and the prominences within the range 
of daily observation, so that tlioy can bo studied with 
nearly the same facility as the spots and facuhri, and 
a fi’csli field of groat interest and importance is thus 
opened to science. 

T It scorns hardly possible that the ancients should 
have failed to notice, oven with the naked eye, in some 
one of the many eclipses on reoorcl, the presoneo of 
blazing, star-liko objects around the edge of the moon, 
but wo find no mention of any thing of the kind, al- 
though the corona is described as wo see it now. On 
this ground some Imvo surmised that the sun has really 
undergone a elmugo in modern times, and that the 
chromosphere and promin cnees are a now development 
in the solar history. But such mere negativo evidence 
is altogether insulfioiont as a foundation for so impor- 
tant a conclusion. J 

Tlie earliost recorded observation of tho proininoncos 
is probably that of Vassenius, a Swedish astronomer, 
who, during the total colipso of 1733, noticed three or 
four small pinkish clouds, on ti rely detached from tho 
limb of the moon, and, as ho supposed, floating iii tho 
lunar atmosphere, At that time this was tho most 
natural interpretation of tho appoarauco, since tho fact 
tliat the moon has no aimospliero was not yet ascor- 
tained. 

Tho Spanish admiral, Don Ulloa, in his account of 
U 
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the eclipse of lYTS, describes a point of red light wMoh 
made its appearance on the western limb of tlie moon 
about a minute and a quarter before the emergence of 
tJie sun. At first small and faint, it grew brighter and 
brightei' until extinguished by the returning sunlight. 
He supposed that the phonoinouon was caused by a 
hole or fissure in tbe body of the moon ; but, with our 
present knowledge, there can bo little doubt tliat it was 
simply a prominence gradually uncovered by her motion. 

The chromosphere seems to imve been seen even 
earlier than 'the prominences : thus Oaptain Stannyan, 
in a report on the eclipse of lYOO, observed by him at 
Berne, noticed that the emersion of the sun was pre- 
ceded by a blood-rod streak of light, visible for six or 
seven seconds upon the western limb. Halley and 
Louvillo saw the same thing in 1716, Halley says that 
two or throe seconds before the emersion a long and 
very naiTow streak of a dusky but strong red light 
seemed to color the dark edge of the moon on the 
western edge wliei'e the sun was about to reappear. 
Louvillo’s account agrees substantially with this, and 
he further describes the precautions he used to satisfy 
himself that the phenomenon was no more optical illu- 
sion, nor due to any imperfection of his toloscopo. 

In eclipses that followed that of 1783, the ohromo- 
sphere and prominences seem to have attracted but Hb 
tlo attention, oven if they were observed at all. Some- 
thing of tlio sort appears to have been noticed by Ferrers 
in 1800, but tbe main intei'cst of his observation lay ip 
a different direction. i 

In July, 1812, a great eclipse occurred, and thp 
sliadow of the moon described a wide boH running 
across southern France, noHliern Italy, and a portiop 
of Austria. The eclipse was carefully observed bs? 
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man/ of tho most noted astronomers of the world, and 
so complotoly had pro vi one observations of the kind 
been forgotten, that tlio ^Ji’oininenccs, which appeared 
tlion witli great brilliance, wore regarded with extreme 
aiirpriso, and became objocts of warm disonesion, not 
only as to their cause and location, bat oven as to tiioir 
very existence. Some thought thorn mountains upon 
the sun, some that they wore solar flames, and others, 
clouds floating in the sun’s atmosphere. Gtliors re- 
feired them to the moon, and yet others claimed that 
they were more optical illusions. At tho eclipse of 
1861 (in Swcdoii and Norway), aiinihir observations 
were repeated, and, as a result of tho discussions and 
comparison of observations which followed, astronomers 
generally became satisfied that tho prominences are real 
phenomena of tho solar atmosplioro, in many respects 
analogous to our terrestrial clouds; and several camo 
more or less confidently to the conclusion, now known 
to bo ti’uo (see Grant’s ‘^History of Physical Asti’ono- 
iny ”), that the sun is entirely surrounded with a con- 
tinuous stratum of tho same substance. Many, how- 
ever, remained unconvinced ; Paye, for instance, still 
asserted them to be more optical illusions, or mirages. 

In tho eclipse of 18G0, photography was for tho first 
time employed on such an occasion with anything like 
success. The results of Secchi and Do La Rue romovocl 
all remaining doubts as to tho real oxisionco and solar 
character of tho objects in q^uestion, by oxhihiting'^Qm> 
upon their plates gradually covered on one side 
covorod on tho other side of tho sun by the jiro^^i^^i of. 
the moon. ' 

Secchi thus surnS up Ins oonolusions, which have 
been justified in almost all their details by later obser- 
vations ; they require few and slight corrootions ; , ' 
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“1. The proniinoncGS are not more optical illnsions 5 
they are real phenomena pertaining to tlio Bun. , . . 

2 . The prominences are collootioiis of liuninons mat- 
ter of great brilliance, and possessing roinarkablo pho- 
tographic activity. This activity is so great tliat many 
of them, which are visible in onr photographs, could 
not be seen directly even with good instruments. 

3. Some protuberances float entirely free in tho so- 
lar atmosphere like clouds. If they are variable in form, 
their changes are so gradual as to bo insensible in tho 
space of ten minutes. (Generally, but by no means al* 
ways, true.) 

4. Besides the isolated and conspicuous protuber- 
ances there is also a layer of the same luminous sub- 
stance which surrounds the whole sun, and out of which 
the protuberances rise above the general level of tho so- 
lar surface. ... 

5. The number of the protuberances is indoflnitoly 
great. In direct observation tlirongh the toloscope tho 
sun appeared surrounded with flames too Humorous to 
count. ... 

6 . The height of the protuberances is very groat, 

especially when we take account of the portion hidden 
by the moon. One of them had a height of at least 
three rainntes, which indicates a real altitude of moro 
than ten times the earth’s diameter. . , . 

But their nature still remained a mystery j and no 
one could well he blamed for thinking it must alwaye 
remain so to some degree. At that time it could hai'd- 
ly be hoped that wo should over bo able to ascertain, 
their chemical constitution, and measure tho velocities 
of their motions. And yet this has hoon done. Before 
the great Indian eclipse of August 18, 1868, the spoo- 
troseope had been invented (it was, indood, already in 
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its infancy in 1860), and applied to astronomical rosearcli 
witli tlio most astonishing and important results. 

Every one is more or less familiar with the story of 
this eclipse. Hcrschelj Tennant, Pogson, Payot, and 
Janssen, all made substantially the same report. They 
found the spectrum of the prominences observed to con- 
sist of bright lines, and conspicuous among them wore 
the lines of hydrogen. There wore some serious dis- 
crepancies, indeed, among their observations, not only 
as to the number of the bright lines scon, which is not 
to be wondered at, but as to their position, ' Thus, 
Payot (who saw moi'e linos than any one else) identified 
the red line observed witli B instead of 0 ; and all the 
observers mistook the yellow lino they saw for that of 
sodium. 

Still, thoir obsorvations, taken together, completely 
demonstrated the fact that tlio proiniucnces are cnoi*- 
mous masses of highly-heated gaseous matter, and that 
hydrogen is a main constituent. 

Janssen went further. The linos he saw during the 
eclipse wore so brilliant that he felt sure he could see 
thorn again in the full sunlight. lie was prevented by 
clouds from trying the experiment the same afternoon, 
after the close of the eclipse j but the next morning the 
sun rose unobscurod, and, as soon as lie had completocl 
the necessary adjustments, and directed his instrument 
to the ]>ortion of the sun’s limb whore the day before 
the most brilliant prominence appeared, tlio same linos 
came out again, clear and bright ; and now, of course, 
there was no difficulty in determining at leisnre, and 
with almost absolute accuracy, their position in tlie 
spectrum. Ho i mme diately confirmed his first co nolu- 
sion, that liydrogon is the most consineuous componont 
of tho prominonoos, hut found that th& yellow lino must 
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be referred to Bome other element than sodhim, being 
somewhat more refrangible than tho D lines. 

He found also that, by slightly moving his tolcHcopo 
and caitsing the image of the sun’s limb to Uiko diiroront 
positioiiB with reference to tho slit of his spectroscope, 
he could even trace out tho form and moasuro tho 
dimensions of tho prominences ; and ho romainod at 
his station for several days, engaged in those novel and 
exceedingly interesting observations. 

Of course, be immediately sent homo a report of his 
eclipse-work, and of his now discovery, but, as bis sta- 
tion at Gruntoor, in eastern India, was farther from 
mail communication with Europe than those upon tho 
western coast of the peninsula, his letter did not reacli 
France until some week or two after tho accounts of 
the other observers; when it did arrive, it came to 
Paris, in company with a communication from Mr. 
Loekyer, announcing tho same discovery, made inde- 
pendently, and even more creditably, since with Mr. 
Lockyor it was not suggested by anything ho had seen, 
blit was thought oxit from fundamental principles. 

Nearly two years previously tho idea had occurred 
to him (and, indeed, to others also, though ho was tho 
first to publish it) that, if tho protuboraiieos are gaseous, 
so as to give a spectrum of bright lines, those linos 
ought to bo visible in a spectroscope of sufficient power, 
even in broad daylight. Tho principle is simply this ! 

Under ordinary circumstances tho protiiborancoa nro 
invisible, for tho same reason as the stars in tho day- 
time : they are hidden by tho intense light reflootodi 
from the particles of our own atmosphere near tho 
sun’s place in tho sky, and, if wo could only sufficiently 
weaken this aSrial illumination, without at tho samo' 
time weakening th&iv light, tho end would be gained 
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And the speetroscopo accomplislies procisoly this verj' 
thing. Since the air-liglit is reflected sunshine, it of 
course presents the same spectrum as sunlight, a con- 
tinuous band of color crossed by dark lines. Kow, this 
sort of spectrum is greatly weakened by every increase 
of dispersive power, boeauso the light is spread out into 
a longer ribbon and made to cover a more extended 
area. On the other hand, a spectrum of bright lines 
undergoes no such weakening by m incroaso in the dis- 
persivo power of the spectroscope. The bright linos 
arc only more widely separated — not in the least dif- 
fused or shorn of their brightness. Moreover, if tlio 
gas is one which, like hydrogen, shows dw'h lines in 
the ordinary solar spectrum (and therefore in that of 
the air-light), the case is even better : not only is the 
continuous spectrum of the air-light weakened by the 
higli dispersion, but it has dark gaps in it just wlioro 
the bright linos of tho prominonco spectrum will Ml. 

If, then, tho imago of tho sun, formed by a toloscopo, 
bo examined with a spectroscope, one might hope to 
see at the oclgo of the disk tho bright lines belonging 
to tho spectrum of the prorain onecs, in case they arc 
* really gaseous. 

Mr, Lockyor and Mr. Huggins both tried tho experi- 
ment as early as 1867, but without success ; partly bo- 
causo their instruments had not sufliciont power to bring 
out the linos conspiouously, but more boeauso they did 
not know whereaborits in the spectrum to look for them, 
and were not even sure of tlioiv oxisteuce. At any rate, 
as soon as tho discovery was announced, Mr. Huggins 
immediately saw tho lines without difficulty, with tlio 
same instrument which Imcl failed to show thorn to him 
boforo. It is a fact, too often forgotten, tlmt to por- 
coivo a thing known to exist does not roquiro ono Iialf 
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the instrumontal power or acutonoss of Bonso as to die- 
cover it. 

Mr. Lockyer, immediately after his siiggostioii waa 
published, had sot about procuring a suitable instr union t, 
and was assisted by a grant from tho treasury of tlio 
Royal Society. After a long delay,' coiiBequont in part 
upon the death of tho optician who had first under- 
taken its construction, and partly duo ' to other cauaea, 
he received the new spectroscope just ns the report of 
ITerschel’s and Tennant’s observations reached RngJand, 
Hastily adjusting tho instrument, not yet entirely coin* 
pleted, he at once applied it to his toloscoi^o, and ■with- 
out difficulty found the lines, and verified thoir position. 
He immediately also discovered ‘ thorn to be vieiblu 
around the whole circumference of the sun, and conse- 
quently that tbo protuberances are luoro oxlonsious of 
a continuous solar onvolopo, to wliich, as mentioned 
above, was given the name of Oliromosiiluiro. (Ho doofl 
not seoin to have boon aware of tho earlier and similar 
conelusions of Arago, Grant, Scechi, and otliors.) Ho 
at once coramunicatod his results to tho Royal Society, 
and also to the French A.cadomy of Scioncos, and, liy 
one of the curious coincidences wliioh so froipiontly 
occur, his letter and Janssen’s were read at the sanio 
meeting, and within a few minutes of each other. 

The discovery excited tho greatest onthusiasm, and 
in 1872 the French Clovornmont struck a gold modal 
in honor of tho two astronomers, boaring their united 
effigies. 

It immediately occurred to sovoml obsorvora, Jans- 
sen, Lock yer, Zollnor, and others, that by giving a rapid 
motion of vibration or rotation to tho slit of tho Sjioc- 
troscope it would bo possible to poreoivo tlio whole con- 
tour and detail of a protuboraneo at oiico, but it scoinB 
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to Imvo been reserved for Mr. Huggins to bo tlio fi rst 
to show practically that a still simpler device would 
answer the same purpose. With a speotroscopo of suf- 
ficient dispersive power it is only necessary to widen 
the slit of the instniinent by the proper adjusting screw. 
As the slit is widened, more and more of the protuber- 
ance becomes visible, and, if not too largo, the wliolo 
can bo scon at once : with the widening of tho slit, how- 
ever, the brightness of the background incrcasos, so 
that tho finer details of tho object ai-o loss clearly seen, 
and a limit is soon reached beyond which further widen- 
ing is disadvantageous. Tho higher tho dispersive pow- 
er of tlio spoctroseopo tlic wider tho slit that can ho 
used, and tlio larger the protuberance that can bo exam- 
ined as a whole — within certain limits, however. It is 
not difficult with oiir latest spectroscopes, diffraction 
instruments especially, to reach a dispersion so groat 
that oven the C lino becomes broad and ha^iy, like tho 
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1) linos in an oi'dipary instrument, In that case each 
luminous point in tlic prominence itself is ropresonted 
in tho imago of tho prominence, net by a point, ns it 
should he to give clear definition, but by a si/reah at 
right angles to tho spectrum lines. 

Mr, Huggins’s first bucccssM observation of tho 
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form of a solar protnboranco was made on Fobniary 13, 
1800. Fig. 40, copied from the “ ProcoodingB of tiio 
Royal Society,” presents liis delineation of what ho saw. 
As his instnimont had only the dispersive ])owor of two 
prisms, and included in its held of view a largo portion 
of the spectrum at once, ho found it nec(5ssary to sup- 
plemcnt its powers by using a rod glass to cut oil; stray 
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light of other colors, and by inserting a diaphragm at 
the focus of the small tolc8co]30 of the spectroscope to 
limit the field of view to the portion of the spcctniiii 
immediately adjoining the 0 lino. With the instrih 
meats now in use, these precautions aro seldom neces- 
sary. 

It may be noticed, in passing, that Mr, IIuggiiiB had 
previously (and lias subsequently) mado many experi- 
ments with different absorbing modiajj in ho])oa of find- 
ing some substance whicli, by cutting off all light of 
other color than that omitted by the prominences, eliould 
render them visible in tho telescope ; thus far, however, 
without suecosB. 

Tho spoctroscopos used by different aatronomors for 
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observations of tliis sort dilfer greatly in form and 
power, Fig. ‘AT represents the one long used at the 
Shattnek Observatory of Dartmouth College, and sev- 
eral of our American observatories are supplied with 
instruments similarly arranged. The light passes from 
the eolliniator o, through the train of prisms near 
their bases, and, l)y'' two roilec.tions in a rectangular 
prism, is transferred to the ii})por story, so to speak, 
of the prism-train, and made to return to the telescope 
t, finally reaching the eye at e. It thus twice traverses 
a train of six prisms, and the dispersive power of tlio 
instrument is twelve times as groat ns it would be with 
only ono prism. The diameter of tho collimator is a 
little less than an inch, and its length ten inches. The 
whole instrument only weighs about fourteen pounds, 
and occupies a space of about 16 iu. X 0 in. X 6 in. 
It is also automaticy i. o., tho tangent screw in keeps 
tho train of prisms adjiistod to tlicir position of min- 
imum deviation l)y the same movcmoiit which brings 
tlio different portions of tho spectrum to tho contcr of 
the fiold of view, and tho milled head / focuses both 
tho collimator and lolescopo siimdtanoously. 

Tho Bpoctro 8 co ))0 is attached to tho equatorial tele- 
scope, to which it bolongs, by moans of tho clamping 
rings a. ■ Those slide upon a stout metal rod, firmly 
fastened to thoftoloseopo in such a way that tho slit 5, 
of tho instrument, can ho jfiaced exactly at the focus of 
tho objoct'glass, whore tho image of the sun is formed. 
T’his instrument, attached to tho telescope, has already 
boon figured upon page TA. 

Instruments in which the prism-train is replaced by 
a diltracUon-grating are still more powerful ; and more 
convenient also, since the observer has tlio great advan- 
tage of being able to select, within certain limits, the 


amount of dispersion best suited to his purpose by sim- 
ply turning tlio grating so as to utilize the different 
orders of spectra — an operation easier and more lupid 
than that of rearranging the prism-train. Diffraction 
spectroscopes have, however, one slight disadvantage. 
When used with the open slit, the forms of objects seen 
through the slit arc somewhat distorted, being either 
compressed or extended in a direction at right angles 
to the slit. When the grating is so placed that the 
inclination of its surface to the viow-tolcseopo is greater 
than to the eolHinator (as in the lignro on page G8), 
compression occurs. In this case, the edge of the slit 
being placed tangential to the sun’s limb, as is usual, 
prominences on the edge of the sun appear to have their 
height reduced. Of course, the reverse takes place when 
the grating is placed the opjrosito way. This distortion, 
however, is of little importance, as its amount is easily 
calculated and allowed for when necessary.* A similar 
distortion is produced by prismatic spectroscopes when 
the prisms arc not adjusted strictly to their position 
of minimum deviation. 

The diffiuctioii instruments, which the writer is ac- 
customed to usQ for solar observations at Princeton, 
have already been figured on pages 09 and YO. 

With a tolosco])e of not less than four inches aper- 
ture, oqimtorially mounted, and a spectroscope of dis- 
persive power not loss than that of five or six ordinary 
prisms, tlio observer is equipped for tho study of the 
chroin osphoro and prominences. Ho may cither study 
the spcotrnm as such, using the instrument with a nar- 

* Tho formula for tho oaloiilatlon la simply IT = A ■ ^^***~ ) in wliloh H 

Sill* A? 

ia the tnio height of tho objoot aeon throiigli tlio allt} h is its apparent 
Iioiglit, and h ami i nvo tho Inoliimtlons of tho surfaco of tlio grating to 
tho colliinntoi* and viow-tclcacopo reapeetivoly. 
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row Blit, or ho may employ it with widonod slit simply 
08 a means of viewing the prominenecs and studying 
their forms and changes, and, so far as this goes — the 
study of forms and changes — very little is gained hv 
largo telescopes and high dispcrBion. The writer has 
never hod finer views of prominences than those fm*- 
nished by the old Dartmouth tclospcctroscope. When 
it comes, however, to the study of minute details, esjm- 
cially details of the speclrmn, then large instruments 
are indispensable. 

SPEO'i’RUM OE TIIR OnitOMOSVHEllR AND PKOlyilNENOES. 

The 8]^ectra of the chromosphere and proininencos 
are very interesting in their relations to that of the 
photosphere, and present many peculiarities which are 
not yet fully explained. At times and in places Mdiorc 
some special disturbance is going on — fi'cqnently in the 
neighborhood of spots at the times when they are just 
passing around the limb of the disk' — the spectrum, at 
the base of tlic chromosphoro, is very complicated, con- 
sisting of hundreds of bright lines. In the course of a 
few weeks of observation at Sherman in 1 872, the writer 
made out a list of two hundred and seventy- throe, and 
more recent obsorvations have added largely to the 
number — at least fifty lines within the limits of the 
maible Bi>octrum, and, by photography, at least eighty 
in tho ultra- violet. Tho majority of the lines, how- 
ever, avo soon only occasionnlly, for a few minutes 
at a timo, when tho gases and vapors, which gou orally 
lio low, mainly in tho intorstieos of the clouds which 
constitute tho pliotosplioro, and bolow its upper surface, 
are elevated for tho timo being by sopie eruptive action. 
For tho most part, the linos whieli appear only at snch 
times are simply “reversals” of tho more prominent 
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dark linos of tlio ordinary solar spectrum. But the se- 
lection of the lines seems most capricious ; one is taken, 
and another loft, though holonging to the same element, 
of equal intensity, and close beside the iirst. It is evi- 
dent that the subject needs a detailed and careful study, 
combining solar observations with laboratory-work upon 
the spectra of the elements conceriiod, before a satis- 
factory account can be given of all the peculiar behav- 
ior observed. 

Tlie linos composing the true chromosphere spec- 
trum, if we may call it so (that is, those which arc 
always observable in it with suitable appliances), ai'O 
not very numerous, and we give the following list, 
designating them by their wave-length, as given by 
Bowl and : 


I. 706B-BO. 

a. flOfls-OB, 0. 

8, B87I3-08, Dj. (olOBC iloublo). 
4, {5318*87. Tho corona-Hno, 

B, 4801-Br), y. 

0. 4‘171'80, /. 

7. 4340'flfl, ff (noftr G), 

8. 4101*85, /i. 

0. 8070*2)) (tu II). 

10. 8008*5fl, ir. 

11, soas'sc, K. 


noliuin. 
Ilydvogcii (Ila), 
lloliuin. 

Cjoroiilnm.” ? 
IlyJi’ogon (11/3), 
IIcHiini. 

Ilydi'ogcii (n7), 
Ilydt'ogon (115). 
Ilydi'ogoii (lie). 
Caleiiim. 
Calcium. 


The first line is generally very diflloult to see, though 
sometimes pretty conspicuous. It is in tho rod, between 
B and lO, and Ims a very faint corresponding dark lino, 
No. 3 has no dark lino corresponding as a usual thing, 
though occasionally one appears, especially in the neigh- 
borhood of sun-spots. No, 9 is quite within tho broad 
siiaclo of the H-line, which thus appears double in tho 
chromosphere spectrum. « 

The eleven linos mentioned above are invariably 
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present in the spectrum of the clironiosphero ; a much 


larger number make their 

provocation. 

They aro ; 

1'. 0078-2. 

Ilolium, 

2'. 0-18 1-1. 

Iron. 

8'. 

Barium, 

4’. C890'2, D,. 

Sodium. 

B'. 6890-2, Da. 

Sodium. 

O'. B3C8-0. 

Iron. ? 

B284-8. 

Titanium ? ? 

8'. C2'?0.2. 

Chromium. ? 

O'. B284'’?. 

Mangnneso, 

10'. 6108-2. 

? ? 

11'. 6183-8, i,. 

MagncBitiin, 

12'. 6172-9, &.J. 

MngiiOBiuin. 

18'. 6109-2, 6a. 

Iron. 

14', 6107-C, 64. 

Magnesium. 

16'. 6018-0. 

Iron. 

10'. 6016-8. 

Helium. 

17'. 40S4'8. 

Barium. 


appearance 

on very slight 

18’. 4924*1. 

Iron. 

19’. 4922*3. 

Ilolium. 

20’. 4010*'’l. 

Iron, ? 

21'. 4900-3. 

Barium. 

22’. 4684*1. 

Iron. 

28'. 4601*4. 

'ritanium. 

24'. 4491*6. 

Alnngniieso. 

26'. 4400-2, 

Mnngnncso. 

26'. 4400*6. 

Iron. 

27'. 4246*6. 

Iron. 

28'. 4280*1. 

Iron. 

29'. 4288*8. 

Iron. 

80'. 4220*9. 

Cfticium. 

81'. 4216*7. 

Strontium, 

82'. 4077*9. 

Calcium, 

88'. 4020*0. 

Ilolium, 

84'. 8880*1. 

Hydrogen (HO. 


It is not intended, however, to intimate that, if one 
of those appears, all of them will do so, nor that they 
are equally eonspionoiiB or equally common. To a cer- 
tain degree, also, their selection by the writer is arbi- 
trary, for there are neaily as many more wliich are seen 
pretty frequently, and some of them may very possibly 
be found hereafter to deserve a place upon the list 
ratlior than some that have been inclndod, 

It requires careful rnanipulation to bring out the 
fainter and finer linos satisfactorily. The slit must be 
adjusted with extreme care to the focal plane of the 
rays under examination, placed tangential to the solar 
imago, and brought exactly to the edgo of the disk. A 
thousanth of an inch in its position will often make the 
whole dilleronco between a successful operation and its 
failure, and oven a sliglit unsteadiness of the air will 
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diininisli tlio number of bright linos visible by at least 
ono half. 

As tlio majority of the lines are developed only by 
in ore or less unusual disturbances of tlio solar surface, 
it naturally liappons that one very often finds them dis^ 
tor ted or displaced by the motions of the gases along 
the line of sight (toward or from the observer), as ex- 
plained in a previous chapter, producing what Loch y or 
calls “ motion-forms.” Occasionally, also, wo meet with 
“double reversals,” so called^ especially in the lines of 
magnesium and 'Sodiura, sTh^ (dark) lines of tlieso sub- 
^stances are rather wide in the solar spectrum. When 
reversed in the chromosphere spectrum, the phenome- 
non usually consists of a thin bright line down the cen- 
ter of the wider dark band : in a double reversal tlie 
bright line widens and a fine dark line appears in its 
center, so that we have a central dark line, a bright one 
on each side of it, and outside of the bright linos a dark 
shade on both ^des. Fig. 48 represents such a double 
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reversal of the D-lines observed by the writer on several 
occasions in 1880. The phenomenon seems to be duo 
to the presence of an unusual quantity of the vapor at a 
considerable density, and is the precise correlative of 
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wluit is Koinctiinus 8uon in thu spcetniiu of a so ilium* 
llaino. TIio two D-liiica of BoiUiiin each bocointm itscU 
iloiiblo, so (hat wo got j)aii’8 of bright liiioa in phico of 
singlo linos. Tho olootrio arc often hIiowb this still 
nioro linoly. 

At tliu huso of a proinineiicOj tho 0, h', If, ami K 
linos are a! nuty a thus doubly rovoi’scd. Ifig. <ti) is from 
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a venont pi i olograph of tho O-liiio obtained at Prineo- 
ton, by Mr. liood, with (ho largo tolosoopo and apoctro- 
Bcojio. Tho Hlifc waa (angontial to tho aiiida linib. Of 
ouuiHo, an iHoohronnitic ])ta(:o and a long oxpoanro wore 
roipiirod to gut Biicb an improaBion from tho “ruby 
llglit” of Unit ])art. or tho Hpootriim. 'When Iho slit is 
adjuHted to tiroHH tho auii’a liitd) radmlhj tho bright 
lincH whoru they projoot boyond this Hpootrnm of tho 
photospboro UHBumo tho “arrow-huadod.” form shown 
in Fig. 50. 

Gonorally speahing, tho sjaiotnnn of a ))rominonco 
13^ 
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is simpler than that of the cliromosphore at its baeo. 
We seldom find any lines except 0, D„ !<’, /t, II and 

Pro. 60. 



K, at a considerable elevation above tho photosphere, 
though /is sometimes met with. On rare occnsioiis, 
also, the vapors of sodinm and magnesium are carried 
into the higher regions, and once or twice the writoi* 
has seen the lino Ko. 1 of tho second list (0C78'2) in the 
upper portions of a prominence. 

OBSERVATION OP I’ROMINENOBS. 

When the spectroscope is used as n moans of ron-* 
dering visible the forms and features of tho promi- 
nences, the only difference is that the slit is more or loss 
widened. 


Pia. Bl, 



OpHMRn Slit op thr Sprotkoboopb, 


The telescope is directed so that tho solar ima^e 
shall fall with that portion of it* limb which is to bo 
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examined jnst tangent to tlio opened sJit, as in 3?ig., 61, 
wliidi represents the slit-plate of the spectroscope, with 
tlie image of the sun in position for ol)servation. 

If, now, a proniincneo exists at this part of the sun’s 
limb (as would probably bo the case, considering the 
proximity of the spot shown in the iigure), and if the 
spectroscope itself is so adjusted that the C-linc falls in 
the center of the field of view, then, on looking into 
the cyo-pieco, ono will see something much like Fig. 52. 
Tlie red portion of the spectrum will stretch athwai*t 
the field of view like a scarlet ribbon, witli a darkish 
band across it, and in that band will appear the promi- 
nences, like scarlet clouds — so like our own terrestrial 
clouds, indeed, in foian and texture, tlirtt the I'escni- 
blanco is qiiito startling : ono iniglit almost think he 
was looking out through a partly-opened door upon a 
sunset. sky, except that there is no variety or contrast of 
color ; all the cloudlots are of the same pure scarlet hue. 
Along the edge of the ojicning is seen, the cliromo- 
sphore, more brilliant than tlie clouds which rise from 
it or float above it, and for tlio most part made u]) of 
minute tongues and filaments. Usually, however, the 
definition of tlio cliromosphcro is loss distinct than that 
of the higher clouds. The reason is, tliat close to the 
limb of the sun, whore tlio temperature and pressuro 
are highest, tlio hydrogen is iii such a state that the 
linos of its spectrum are widened and winged,” some- 
thing like those of magnesium, though to a less extent. 
Fneh point in the ohromosphei'G, tliereforc^ when viewed 
througli the opened slit, appears not as but as 

a short Ime^ directed length wise in the Bjicctrnm. As 
the length of this line depends upon the dispersive 
power of the spectroscope, it is easy to see that it is 
possible to go too far in this rospoot. The lower the 
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dispersion tlie more dhiinot the imago obtained, but 
also the fainter as compared with tho backgroiind upon 
which it is seen. 

Just beneath the chromosphere (at a in tlie cut) tlio 
appearance is as if the edge of tho snn was ila/id\ a phe- 
nomenon which for some time was very puzzling. Its 
explanation lies in tho “ double-rovorsaP’ of the C-lino 
at the base of the chromospliero, dieeussod and figured a 
few pages back. 

Fio. 62, 
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If the spectroscope is adjusted upon tho F-line, in- 
stead of 0, then a similar image of tho prominences nnd 
chromosphere is seen, only bliio instead of scarlet ; usu- 
ally, however, since the P-line is hazier and more winged 
than 0, this blue image is somewbat loss perfect in its 
details and definition, and is therefore loss used for 
observation. Similar effects ai'c obtained by moans of 
yellow line near B, and the violet lino near G. 
With suitable precautions, using a .violet shade-glass be- 
fore the eye, and carefully shutting out all extraneous 
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light, the II and K lines can also be used ; but visual 
observations in this part of the spectrum are extremely 
difficult and unsatisfactory. 

With pliotograpliy the case is the reverse — these 
lines are then precisely those vrhicli can be employed 
most easily and conveniently. Wo shall recur to this a 
little later. 

Professor Winlock and Mr, Lockyor have attempted, 
by using an annular opening instead of the ordinary 
slit, to obtain a view of the whole circumference of the 
sun at once, and have succeeded. With a spcctroaoopo 
of sufficient power, and adjustments delicate enough, 
the thing can bo done ; but as yet no very satisfactory 
results appear to have been rcachod. Wc still (in visual 
observations) have to examine the circumference piece- 
meal, so to speak, readjusting the instrument at eacli 
point, to make the slit tangential to the limb. 

The number of protuberances of eonsiderablo ning- 
nitudo (exceeding ton thousand miles in altitude), visible 
at any one time on tlio circumference of the sun, is 
never very great, rarely reaching twenty -live or thirty. 
Their number, however, varies extremely with the num- 
ber of snu'Spota j during a sun-spot minimum there are 
not nnfroquently occasions when not a single one can 
bo found, though even during those years the more 
usual number is five or six — some of which often are 
of constdomblo size. The observations of Taeeliini and 
ScGchi have showed that their numbers closely follow 
the march of the sun-spots, though never falling quite 
80 low. 

To Tacchini wo owo our moat complcto record of 
tlieso objects, now continuous since 1872 , giving their 
number and distribution upon the sun, with drawings 
of all that wore specially remarkable. Many others 
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Imye co-operated in observations of this kind : tho Him* 
garian observers, Fenyi at Kalocsa, and Von Gotliard at 
Hereny, liave given ns many fine descriptions and de- 
lineations. Father Perry and his assistant Sidgrcnves, 
at Stonyluirst, also deserve a special mention. 

Their distribution on the sun’s surface is in sonio 
respects similar to that of the spots, but with iinjjortniifc 
diiferences. The spots are coniined witliin 40° of tho 
sun’s equator, being most numoi^ous at a solar latitude 
of about 20° ou each hemisphere. PTow, tho protubev- 

ra. 
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ances are most numerous precisely wOioro tho spots are 
most abundant, luit they do not disappear at a latitude 
of 4u ; they are found even at the poles, and from the 
latitude of 60° actually, increase in number to a latitude 
of about 75°, , ■ 1 . 
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The amioxed diagram, Tig. 53, i’ei3resents the rela- 
tive frequency of the protuborances and spots on the 
different portions of the solar surface. On the left side 
is given the result of Carrington’s observation of 1,386 
spots between 1863 and 1861,, and on tlio right the re- 
sult of Sccchi’s observations of protuborances in 

1871. The length of each radial line represents the 
number of spots or protuberances observed at each par- 
ticular latitude on a scale of a quarter of an inch to the 
hundred ; for example, Secchi gives 228 protuberances 
as the number observed during the period of liis work 
between L0° and 20° of south latitude, and the corre- 
sponding lino drawn at 15° south, on the left-hand side 
of the hguro, is therefore made or *67 of an inch 
long. The other lines are laid off in the same way, and 
thus the irregular curve drawn through their extremities 
represents to the eye the relative frequency of these 
phenomena in the different solar latitudes. Tho dotted 
line on tho right-liaiul side represents in tho same man- 
mer and on the same scale the distribution of the larger 
p rot liber an uus, luiviiig an altitude of more than 1^ or 
27,000 miles. 

A mere inspection of the diagram shows at once 
that, while the promineiiees may, and iu fact often do, 
have a close connection with tho spots, they are yet to 
some extent independent phenomena. 

A careful istudy of tho subject shows that they are 
much more closely related to tho faeulce.f In many 

* Tlio prominoncoa aro not all (IKtorctit ouob. If any of tlio 
proinlnoncca obaorved on one day vomntned vlalblo tho next, tlioy ivoro 
recorded afreah ; and, aa a proinlncnco near tho polo would be oavrlocl 
but slowly out of ai.f^ht by tho aim’s rotation, it Is thus oaay to sco how 
tho nmnbor of protnlnonoos rooordod In tho polar roglona la so largo. 

f Boo page I0&, 



216 


THE SUN. 


cases at least, faculss, when followed to the limb of tlio 
sun, have been found to be surrounded by prominences, 
and tliere is reason to suppose that the fact is a general 
one. The spots, on the other hand, when they reach 
the border of the sun’s imago, arc commonly surround- 
ed by prominences more or loss completely, but seldom 
overlaid by them. Indeed, Eospiglii assorts (and the 
most careful observations wo have boon able to make 
confirm his statement) that as a general rule the diro- 
rnospliere is considerably depressed innnediatoly over a 
spot. Secehi, however, denies this. 

MAGNITUDE AND ODASSIFIOATION OF T'ROJITNENOES. 

The protuberances dilTer greatly in magnitude. The 
average depth of the chromosphere is not far from LO''' 
or 12", or about 6,000 or 6,000 miles, and it is not, there- 
fore, customary to note as a prominence any (doud with 
an elevation of less than 15" or 20"— Y, 000 to 9,000 
miles. Of the 2,767 already quoted, 1 ,96*1 attained an 
altitude of lO", or 18,000 miles, and it is worthy of 
notice that the smaller ones are so few, only about one 
third of the whole: 751, or nearly one fourth of the 
whole, reached a height of over 1', or 28,000 miles ; the 
precise number which reached greater elevations is not 
mentioned, but several exceeded 3', or 84-,000 miles, It 
is only rather rarely that they roach elevations as gi‘oat 
as 100,000 miles. The writer has in all soon, perhaps, 
three or four which exceeded 1 60,000 miles, and Sccchi 
has recorded one of 300,000 miles. On October 7, 1880, 
the writer observed one which attained the still un- 
equaled height pf. over 13' of arc, or, 360,000 miles. 
When first seen, on the southeast limb of the sun, about 
10.30 A. M., it was a horn ” of ordinary appoaranco, 
some 40,000 miles in elevation, and attracted no special 
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attontioi). Whon next seen, half an hour later, it had 
bccoino very brilliant and had doubled its height : dur- 
ing tho next hour it stretched upward until it reached 
the enormous altitude mentioned, breaking up into fila- 
ments which gradually faded away, until, by 12,30 i\ m., 
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there was nothing left. A telescopic examination of the 
sun’s disk showed nothing to account for such an ex- 
traordinary outburst, except some small and not very 
brilliant faculse. While it was extending upward most 
rapidly a violent cyclonic motion was shown by the dis- 
placement of the spectrum-linos, and II and K wore ]’o- 
versed through its whole height. 

In their form and structure the protuberances dilTer 
as widely as in their inaguituclo. Two priiicipul classes 
are recognized by all observers — the quiesoent^ oloud- 
formed^ or hydrogenous, and the eriqdiw or metallic. 
By Secchi these are each further subdivided into several 
sub-classes or varieties, between uliich, bowovor, it is 
not always easy to maintain the distinctions! 

And here perhaps is the iM’opor place to mention 
that Trouvelot insists on the existence of “dark” proin- 
inenc?es — e., clouds of cooler hydrogen that absorb the 
ligl\t of the hydrogen behind thorn ; but there is no 
proof, we think, that those are anything but “holes.” 
Tacchiui, on the other hand, is disposed to assort tlio 
existence of “white” prominences, which give a con- 
tinuous spectrum, and so are not reached i)y speclro- 
scopic observation, tlioiigh conspicuous to tbo oyc, and 
on the photographic plate, at the time of a total eclipse, 
as in 1883 and December, 1889. But the ovidenco hardly 
warrants confident belief in the existonoo of such ob- 
jects. 

The quiescent prominences in form and texture re- 
semble, with almost perfect exactness, our terrestrial 
clouds, and differ among themselves as muoh and in tho 
same manner. The familiar cirrus and stratus types aro 
very common, the former especially, while the cumulus 
and oumulo-stratus are less frequent. Tho protuber- 
ances of this class are often of enormous magnitude, 
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especially in their horizontal extent (but tlio highest 
elevations are attained by those of the eruptive order), 
and are comjmratively permanent, remaining often for 
hours and days without serious change ; near tlio i)olo8 
they sometimes persist through a whole solar revolution 
of twenty-seven days. Sometimes they appear to lie 
upon the limb of the sun like a bank of clouds in the 
horizon ; probably because they are so far from the 
edge of the disk that only their up]^or portions are in 
sight. When seen in their full extent they are ordi- 
narily connected to the underlying chromosphere by 
slender columns, which are usually smallest at the base, 
and appear often to bo made up of separate iilamonts 
closely intertwined, and expanding upward Homo- 
times the whole under surface is fringed with down- 
hanging filaments, wliich remind one of a summer 
shower falling from a heavy thunder-cloud. Homo- 
times they float entirely free from the chromosphoi’o ; 
indeed, as a general rule, the layer clouds are attended 
by detached cloudlets for the most part horizontal in 
their arrangement. 

The figures give an idea of some of the general ap^ 
pearancesof this class of prominences, but their delicate, 
filmy beauty can be adequately rendered only by a far 
more elaborate style of ongraving. 

Their spootrum is usually very simple, consisting o( 
the four linos of hydrogen, and the three of holimn, 
with H and K. Occasionally the sodium and mag* 
nesiuin lines also appear, and that oven near the sum* 
mit of the clouds ; and this plionomenon was so much 
more frequently observed in the clear atmosphere of 
Sherman as to suggest that, if the power of our spec- 
troscopes were sufllciently increased, it would cease to 
be unusual. 
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The genesis of this sort of prominGneo is problemat- 
ical. They have been commonly looked njmn as tlio 
deh'is and relics of eruptions, consisting of gases 'whicli 
have been ejected from beneath the solar surface, and 
then abandoned to the action of the currents of the 
sun’s upper atmosphere. But near the j^oles of the sun 
distinctively eruptive prominences never appear, and 
there is no evidence of aerial currents which would 
transport to those regions matters ejected nearer the 
sun’s equator. Indeed, the whole ap2)earanco of these 
objeets indicates that they originate where wo see them. 
Possibly, although in the polar regions there are no 
violent eruptions, there yet may he a q\iict outpouring 
of heated hydrogen sufficient to account for their pro- 
duction — an outrush issuing through the smaller pores 
of the solar surface, which abound near the poles as 
well as elsewhere. 

But Socchi reports an observation which, if correct, 
puts a very different face upon tlio matter.* Ho has 
seen isolated cloudlets form and grow siDontaueonsly 
without any perceptible connection with the chromo- 
sphere or other masses of hydrogen, just as in our own 
atmosphere clouds form from aqueous vapor, already 

* On October 13, 1880, the writer for the llfflt Unio met with tho 
same phonomonon, A am all, bright cloud appeared on Hint dny, nbo\it 
11 A.u., at an clovntion oit some 2^' (07,ii00 mlloa) above tho limh, with- 
out any evident cause or niiyvisihlo connection will) tho chroino.sp1iuro 
below. It grow rapidly witlioiil any sonsiblo rising or fnlling, and in an 
hour dovolopod into a largo strati form oloud, irrogulnr on tho uppci* sur- 
face, but nearly flat boncatli. Eroin this lower surface poiulont iilainonta 
grow out, and by the middlo of tlio afternoon the objcol had bccoino ono 
of tlio ordinary stonimod proininoncos, muoh like Fig, 04. 

But obviously tho tiling Is very unusual, for in iiioro than twenty 
years of observation I have encountored tho phonomonon only tiiroo 
times. 
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present in the air, bnt invisible until some local cooling 
or change of pressure causes its condensation. Those 
prominences are, therefore, formed by some local heat- 
ing or other luminous excitement of hydrogen ali'eady 
present, and not by any transj)ortation and aggregation 
of materials fi’oni a distance, Tlie i)recisG nature of 
the action which produces this Gll’ect it would not he 
possible to assign at pi'csent; but it is worthy of note 
tliat the spoctroscojhc observations made dui’iiig eclipses 
rather favor this view, by showing that liydrogen, in a 
feebly luminous condition, is found all around the sun, 
and at a very great altitude — far above the ordinary 
range of prominences. 

Indeed, in rnost cases the foi’ins ami changes of 
this class of prominences so closely restMiiblo our own 
terrestrial clouds tliat one is almost forced to believe 
that they are sun-ounded by, and float in, a medium 
which does not gi'catly diH'or fj’om themselves in den- 
sity, though it is not visible in the spectroscopic mode 
of observation. 


ERUPTIVE PROMINKNOES, 

The eruptive jironiiiienccs are very difTcrent — much 
more brilliant and mhch more vivacious and interesting. 
I'hey consist usually of brilliant spikes oi' jets, which 
change thoir form and brightness very rapidly. For the 
moat part they attain altitudes of not more than 20,000 
or 30,000 miles, but ooensioiially they rise fai‘ higher than 
oven the largest of the clouds of tlio preceding class, 
Tlieir spectrum is very complicated, especially near 
their base, and often filled witli briglit linos, those of 
sodium, magnesium, hariuin, iron, and titaninm, being 
especially eon spic nous, while calcium, chromium man- 
ganese, and probably sulphur, are by no means rare, 
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and for this reason Seeclii calls tlrom metalUo promi- 
nences. 

They usually appear in the iramediato neighhorhood 
of a spot, never occurring very near the solar poles, 
Their form and appearance change with groat rapidity, 
80 that the motion can almost bo seen with the oye— an 
interval of fifteen or twenty minutes being often sufli- 
cient to transform, quite beyond recognition, a mass of 
these flames fifty thousand miles high, and sometimes 
embracing the whole period of their complete develop- 
ment or disappearance. Somotimes they consist of 
pointed rays, diverging in all directions, like hedgehog- 
spines. • Sometimes they look like flames ; somotimes 
like sheaves of grain j sometimes like whirling water- 
spouts, capped with a great cloud; occasionally they 
present most exactly the appearance of jots of liquid 
fire, rising and falling in graceful parabolas ; frequently 
they carry on their edges spirals like the volutes of an 
Ionic column; and continually they detach filaments 
which rise to a great elevation, gradually expanding 
and growing fainter as they ascend, until the eye loses 
them. Our figures present some of the more common 
and typical forms, and illustrate their rapidity of cliango, 
but there is no end to the number of curious and intor- 
esting appearances which they exhibit under varying 
circumstances. 

The velocity of the motions often exceeds a hundred 
miles a second, and sometimes, though. very rarely, 
reaches two hundred miles. That wo have to do with ' 
actual motions, and not with mere change of place of a 
luminous form, is rendered certain by tho fact that the 
lines of the spectrum are often displaced and distorted 
in a manner to indicate that some of the oloiid-massos 
are moving either toward or from the eartli (and, of 
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course, tangential to tlio solar surlaco) with similar 
swiftness. 

Fig. Y2 is a represoiitation of a portion of the spcc- 
tiuim of a prominence observed at Sherman on August 
3, 1872, an observation to which allusion was inado in 


Fro. '13. 



the preceding chapter. The F-Iine, at 208 of the scale, 
must bo imagined ns blaKingly brilliant, and fainter 
bright lines appear at 203'2, 208*8, 200*4-, and 212*1 (the 
scale is Kirchhoif’s), while two hands of eontiniions spec- 
tnun, produced probably by the comprofisioii of the gas 
at the points of nmximum disturbance, run tlie whole 
length of the figure. A t the upper point of disturbance 
1? is drawn out into a point I’caching to 207*4 of the 
scale, and indicating a velocity of 230 miles a second 
away from us ; at the lower point it extends to 208*7, 
and indicates a velocity of about 260 miles per second 
toward ns. It was very noticeable that this swift 
motion of the hydrogen did not seem to carry with it 
many other substances whiph wore at the time repre- 
10 
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Bented in the spectrum by tlicir bright linos; mag- 
nesium and sodium wore Bomowhat afCocted, but barium 
and tlio unknown element of the corona wore not. 

’When we inq^uire what forces impart such a velocity, 
tho subject becomes difficult. If we could admit that 
the surface of tho sun is solid, or even licpiid, as Zblliicr 
thinks, then it would be easy to understand tho phe- 
nomena as eruptions, analogous to those of volcanoes 
on the earth, though on tlio solar scale. But it is next 
to certain that the sun is mainly gaseous, and that its 
luminouB surface or photosphere is a sheet of incandes- 
cent clouds, like those of tho earth, except that water- 
droplets are replaced by droplets of tbo metals ; and it 
is difficult to sec how such a shell could exert sufficient .■ 
confining power upon tho imprisoned gases to explain 
such tremendous velocity in the ejected matter. 

Possibly tbo difficulty may be met by taking account 
of the enormous amount of condensation wbicb must bo 
going on within tho pbotosphoro. To supply tbo heat ^ 
which tho sun throws off (enough to melt each minute 
a shell of ice nearly fifty feet thick over his entire sur- 
face) would require the condensation of enough vapor 
to make a sheet of liquid six foot thick in tho same time 
— supposing, that is, tho latent heat of tho solar vapom 
not greater than that of wator vapors. This, of course, 
ifi uncertain, hut, so far as we know, very few if any 
vapors contain more latent lioat than that of wator, and 
we may therefore consider it roughly correct to OBtimatp 
tho eon tinu oils production of liquid as measured hy thp 
quantity named, Kow, on the surf ace of tho earth ^ 
rain-storm which deposits two inches in an hour is very 
uncommon — in such a storm tho water falls in shoots, 
If we admit, then, that any considerable portion of the 
Bun’s heat is due to such a condensation of the aolar 
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vapors, it is easy to soo that the quantity of liquid pour- 
ing from the solar clouds must bo so einminous tlmt tlie 
drops could not be expected to remain separate, but 
will almost certainly unite into inoro or less continuous 
masses or sheets, between and throngli wliich the gases 
ascending from beneatli must make their way. And, 
since the weight of the vapors which ascend must con- 
tinually equal that of the products of condensation 
wliich are falling, it is further evident that the upward 
currents, rushing through contracted ehannols, must 
move with enornaous velocity, and therefore, of course, 
tlint the pressure and tomporaturo must rapidly increase 
from the free surface downward. It would seem that 
thus wo might explain how tlio iqipor surface of the 
liydrogen atmospliore is tormented by the up -rush from 
below, and how gaseous masses, thrown up from be- 
neath, should, in the prominencos, present the appoar- 
ancoB which have boon described. Difor would it be 
strange if voiitablo explosions should occur in the quasi 
pipes or channels through which the vapors rise, when, 
under tlio varying circumstances of pressure and tem- 
perature, the mingled gases roach tlioir point of combi- 
nation; explosions which would fairly account for such 
phenomena as those represented in Figs, G9 and 70, when 
clouds of hydrogen wore thrown to an elevation of more 
than 200,000 miles with a velocity which 'nvii&t have 
exceeded at first 200 miles per second, and very prob- 
ably, taking into account the resistance of the solar 
atmosphere, may, as Mr, Proctor has shown, have ex- 
ceeded 600 ; a volooity suiBciont to hurl a dense material 
entirely clear of the power of the sun’s attraction, and 
send it out into space, never to return, 

.And yet sxich velocities so far exceed those with 
which we are familiar hero that it is not strange at all 



that there Bhould be reliictaueo to admit them, and at 
tempts to substitute Jor siicli motions of material masses 
the motion of mere forms and the swift transference 
of regions of luminosity through gases lliomsolvcs at 
rest — jnst as wlion a ilash runs from one end to the 
other of a long train of gniipowdoi'j or a suddenly 
kindled flame flies up throngli a cliimney. In many 
rqspccts fiiicb concej)tions perfectly represent the facts 
— prominences apparently at rest might bo like water- 
falls or gas-flames — mere stationary fortns made up 
from a steady succession of material j)artiele8 ; and the 
swiftly movittg ones, bo far as appearances go, might be 
flashes traveling swiftly tlirougli extensive masses of gas 
comparatively motionless. If such a view is tenable, then 
we might imagine, ns Broster has done, that the sun is 
quiescent and serene, composed of overlying strata of 
different density, each in a state of stalflo cquilil)rium, 
such that any considurablo vortical motions arc impossi- 
ble, and horizontal disturbances soon checked : what 
look to us like liory flames and. furious commotions are 
thou only like the auroral flickcrings in our own atmos- 
phere. 

But to this viow the one conclusive objection, unless 
it can bo evaded, is the fact that the linos in the spec- 
trum testify to swift motions in the lino of vision — that 
masses of hydrogen and helium, of iron-vapor and cal- 
cium, are shown to be moving toward or from us with tro- 
mondouB velocity. Brestor thoroforo maiutains, and oth- 
ers with him, that though unquestionably the motion of 
a luminous mass pf matter toward or from the observer 
will produce such lino-displaeomcnts as are observed, wo 
are not shut up to that as their only ’explanation. Ho 
maintains that the motion of a more luminous 
wonld produce the same ollcct i that if a train of pow- 



TUB CIIROMOSPHEIIE AND THE PUOMINENCES. 229 


cler, foi’ instanco, were laid straight away from iis for 
a distance of ten miles, then if it were lighted at the end 
nearest us and the flash reached the other end in ten 
seconds, the spectrum of tlie traveling tlasli would indi- 
cate a receding velocity of one mile a second. There 
is, however, no evidoiice to support such a doctrine. 
No theoretical I’oason can be assigned — at least none has 
been so far as we know — ’why the phases of the light- 
waves issuing from the flash at each point in its ten- 
mile course should reach the observer with the same 
regular retardation as in the case of a luminous ball 
moving over the same path wdth the same speed ; and 
unless this condition is observed, or something essen- 
tially ef[iu valent, Doppler’s principle has no ai)pli cation. 
As for experimental evidence, none exists as yet, nor 
do wo know of any proposed method by which the hy- 
pothesis can be tested. 

Still a different and very curious theory of the solar 
constitution has been lately proposed by Schmidt, of 
Stuttgart, and a good deal discussed (rather favorably, 
too, on account of its mathematical interest) by various 
writers. It amounts to this: that the sun is a great 
globe of boated tiunsjmroiit gas, much dcnaoi’ in tho 
center, and tho apparent definiteness of outline is dno 
to. tho curious ref^'action of tho light in such a medium. 
Tho rays from points behind tho sun’s eontcr, according 
to this theory, roach us from all around tho limb; pho- 
tosplicro and chromosphere are an ojitical jiiinblo of 
rays from widely clilloront ]ioint8 within the globe, and 
most of tho ph on omen a wc see on and about tho solar 
surface are purely optical, like halos, rainbows, and 
mirages. 

It is probably sufficient to point out that a gaseous 
globe which contains in itself quantities of luolallic vapor 
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can not remain wholly gaseous for any length of time. 
In its outer regions, where it is exposed to the cold of 
space, condensation must inevitably take place, incan- 
descent clouds must gather, and a “ photosphere ” must 
form— it must “ clothe itself with light as with a gar- 
ment.” The theory can apply only to a mass compo8<‘d 
wholly of “permanent” gases— those that will not turn 
to liquid or solid even at the lowest temperatures t(> 
which they are anywhere exposed. It may bo that in 
the planetary nebuloa wo have such bodies, 

PKOMINENOE PIIOTOGBAI'IIY, 

As far back as 1870 attempts wore made by the 
writer to photograph the prominences, and a partial 
success was reached. A little camera caj‘rying a sensi- 
tized microscope slide was fitted to the spectroscope 
figured on page 202, and with a four-minufco exposure n 
distinct impression of a prominence was obtained. The 
hydrogen line employed was (TTy). It was in the days 
of the wet-plate collodion procoss, and tho necessity of 
so long an exposure made it certain that it would not 
be worth while then to follow up tho matter. Bnt tlm 
introduction of tho modern dry-philo has changed all 
that. The subject was resumed in 1889 and J 800 almost 
simultaneously by Deslandree, in Franco, and Goorgx^ 
E. Hale, in Chicago. By 1801 it had become possible 
to produce very fair pictures of moderate-sized prom- 
inences by using tho II or K linos with a powerful 
spectroscope, and putting a photographic plate in place 
of the eye. If the slit is narrow wo got merely tho 
double reversal of H and K, as shown in Fig. 78, (It 
is worth while to notice, in passing, tho hydrogen lino 
(ITe) wluoh is so near to H. For years it had been a 
puzzle why in tho spectra of stars of the so-called “ first” 
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class, Hko Yega, 11 should be conspicuous and K miss- 
ing. The disco very of this hydrogen lino by Ames 
solves tlio problem. In Vega’s spectruin IT is the hydro- 
gen, not the calcium baud.) To return : if now we sim- 
ply open the slit as far as can safely be done, we got the 
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imago of the prominence in each of the two bands, as 
in Fig. YT. An exposure of five seconds is abundant. 
Indeed, at Prineoton, by using isochromatic plates with 
an exposure of several minutes, wo have been able to 
photograjdi prominences oven in the 0-lino (Fig. Yb). 
Put this requires extremely accurate adjustment of the 
clockwork of the telescope and careful manipulation. 

With this opon-slit arrangement, however, wo are 
limited to prominences that are not very large ; nor is 
the definition very perfect. 

These difilcultios may be avoided by adopting an 
arrangoment long ago suggested by Janssen and others 
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in tlio early days of prominence observation. The 
spectroseopo is fitted up with a second slit at the eye 
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end of the view-telescope, and in some forms of the ap- 
paratus both the collimator slit and the other arc free 
to slide back and forth in the focal plane and longth- 
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wise of the spectrum, beginning with the slits each at 
the center of its slide, suppose the prism or grating to 






THE CHROMOSPHERE AND THE PROMINENCES. 

be so adjusted as to bring tlie I£ line into 23 ositioii to in* 
seen through the second slit; if now we slide the colli- 
mator slit^ the K line will move away from the second 
slit, and to keep it in view this one will have to slide 
also. This can be automatically allected : the tuu 
sliders that carry the slits can be connected ineehaiiic 
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ally ill various ways so that their motions shall exactly 
corresiiond ; and if wo add a photographic plate and its 
aocoBBorles we have the so-called “ spcctro-heliograph.” 

Fig. "76 is from a photograph of Professor Hale's 
instrument, as used in 1892 at the Kenwood Astro- 
Physioal Observatory, in Chicago. 
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In order to photograph a prominence the telescope 
is so directed as to bring the bnso of the prominonco to 
the collimator slit — tlie slit being tangential to the sun’s 
limb. The clockwork of the equatorial will keep it 
there if properly adjusted. Then the collimator slit is 
made to slide smoothly and gradually upward to the 
top of the prominence (by a hydraulic apparatus in 
Halo’s instrument), and at the same time the other slit 
travels in front of the sensitive plate, so that this re. 
ceives, one after the other, the imprints of all the sue- 
cessive sections of the prominonco. As an oxaniplc of 
a prominence photograph so made, wo give Kg. V7, 
wh ich was taken March 25,1895. Th o i naxi m u m ole \' a- 
tion was very nearly 281,000 miles. The vortical dark 
streaks are “dust-lines” caused by motes in the slit or 
roughness of its edges; the streaks at right angles to 
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these are due to slight unsteadiness in the sliding mo- 
tion, produced by the hydraulic “ clopsydi’a.” 

If the image of the sun itself is covered by an 
opaque disk of exactly the right size, then tho slits may 
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bo made to travorso the whole chromosphere, rather 
slowly, at a single journey, and we shall get at one eso- 
;posuve a picture of tlic wliolc array of proiuinonces 
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surrounding the siiu at that time. Figs. 78 arid 79 wore 
made in this way at Kenwood Observatory, though we 
can not give the exact date. 

If lifter malcing such an exposure the screen, that 
covered' the sun’s disk is removed, and the collimator 
slit is made to retrace its path (swiftly this time), we 
shall get, not only the chromospheric ring with its out- 
lying promincncos, hnt the whole surface of the sun 
itself as scon by the monchromalic, “K-lino,” light. 
The facnlone regions come out with special emphasis. 
The reader will recall the pending discussion with re- 
gard to their real nature and elevation, referred to on 
page 109. Fig. 31*" on that page is an example of this 
sort — also from Mr. Hale. 

The ‘‘ two-slit ” arrangement admits of various mod- 
ifications : in one the spoctroscopo and its slits are fixed, 
tlie image of the sun is allowed to drift over the colli- 
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mator slit by the diurnal motion, and tlie pliotographio 
plate is drawn along at the same rate, and in the same 
direction, by a suitably adjusted clockwork. In this 
case the largo telescope that forms the sun’s image is 
usually also .fixed in a horizontal position, and the sun’s 
rays are directed into it by a plane mirror, ns in the 
American transit of Venus apparatus. The instrument 
of Deslandres is arranged in this manner, and with it he 
1ms obtained all the results that Halo Ims reached. 
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In the great s])ccfcro-hGliograph now building under 
Mr. TIalc’s direction, to bo used with the gigantic 
forty-incli equatorial of the Yerkes Observatory, the 
slits will bo fixed in the spectroscope, but the whole spec- 
troscope will ho so arranged in the framework winch 
attaches it to the equatorial that it can bo moved bodily 
across the scvon-inch image of the sun, wliilo the plate- 
holder romiiins ilxed. 

Students of solar physics await with groat interest 
the outcome of tho new methods and apparatus, , 
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TUm CORONA, 

General Apponrnneo of the Phenomenon. — Various RoprcscntalioiiB,— 
EoHpaoa of ISD'/, 1800, 1807, 1868, 1809, 1871, 1878, 1882, 1889, 
and 1803.— Proof that the Corona ia mainly a Solar Phenomenon. — 
Brightness of tlio Ooronn.— Connection with Snn-Spot Period. — Spec- 
trum of the Corona. — Application of Iho Analyzing nnd Integrating 
Spectroacopos. — Polarization. — ^EvUlonco of the SHtlesa Spectroacopo 
na to tlio Conatitntion of Iho Corona, — Clinnges nnd Motions in tho 
Corona. — Its Porm and Constitution, and Thoorica as to its Nature 
and Origin. 

A TOTAL eclipse of the sun is tinqncstionably one of 
the most impressivo of all natural plicnomcna, and the 
corona, or auroolo of light, which then Biirroiinds tlio 
snn, is its most impressive feature. On such an occa- 
sion, if the sky is clear, the moon appears of almost 
inky darkness, with just sufficient illumination at tho 
edge of tho disk to bring out its I’otnndity in a strik- 
ing manner. It looks not like a flat scrcon, hut liko 
a hngo black ball, as it really is, Eroiu behind it 
stream out on all sides radiant iilamcnts, hoams, and 
shoots of pearly light, which reach to a distance some- 
times of several degrees from tho solar snrfaco, forming 
an irregular stellate halo, with the black globe of tho 
moon in its apparent center. Tho portion nearest tho 
snn is of dazzling brightness, hut still less brilliant than 
the prominences, which blaze through it like oarhun- 
cles. Generally this inner corona has a lu’otty uni- 
form height, forming a ring three or four minutes of 
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arc in width, separated by a somewhat definite outline 
from the outer eorona, which reaches to a muoh greater 
distance, and is far more irregular in form. Usually 
there are several rifts/’ as they have been called, like 
narrow beams of darkness, oxtonding from the very 
edge of the snn to the outer night, and much resem- 
bling the cloud-shadows which radiate from the sun 
before a thuuder-showor. But the edges of these rifts 
are frequently curved, showing them to bo so i nothing 
else than real shadows. Sometimes there are narrow, 
bright streamers, as long as the I’ifts, or longer. These 
are often inclined, occasionally are even nearly tangen- 
tial to tile solar surface, and frequently are curved. On 
the whole, the corona is usually loss extensive and brill- 
iant over the solar poles, and there is a rccognizablo 
tendency to accumulations above the middle latitudes, 
or spot-zones; so that, speaking roughly, the corona 
shows a disposition to assume the form of a quadrilat- 
eral .or four-rayed star, though in almost every individual 
case this form is greatly modified by abnormal streamers 
at some point or other. ' 

Unlike the eliromosphoro, which seems first to have 
been observed, as was mentioned in the previous ehap- 
tor, only a little more than a century ago, the corona 
has boon known from antiquity, and is described by 
Philostratus and i^lutarch in almost tho same terms we 
should ourselves employ. j\nd yot onr knowledge of 
it remains very limited. The chromosphero and promi- 
nences we can now roach and study, comparatively at 
our leisure, by the help of tho spectroscope; hut the 
corona is still inaccessible, except during tho short and 
precious moments of a total eclipse — in all, not more 
than a few days in a century — so that our knowledge 
of its cause and nature can grow but slowly at the best 
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Tlie diaractor of tlio phenomenon ie such also as 
to make its accurate observation exceedingly difficult; 
slight differences in the transparency of the atmosphere, 
in the senaitivoncss of the observer’s eye, a preoccupa- 
tion of the mind by some feature which first happeus 
to strike the attention, or a peculiarity in the manner 
of representing what one sees, will often make the de- 
scriptions and drawings of two observers, side by side, 
so discrepant that ono would hardly imagine they could 
refer to the same object. For instance, in 18Y0, two 
naval officers on tho deck of the same vessel made 
drawings of the corona, ono of which represented it as 
a six-rayed star*, whilo the other showed it as composed 
of two ovals crossing at right angles. In 1878 the 
writer, on comparing notes immediately after the 
eclipse with other members of hie party, found that 
about half of them saw the corona pi’inciimlly extended 
to the east and west, while tho other half, himself 
among them, were just as positive that it brushed out 
mainly to tho north and south, Tho photographs, and 
other data since collected, show that the principal exten- 
sion was undoubtedly along the oast-and-west line, but 
that there were much bettor outlined streamers, though 
shorter and less brilliant, directed from tho solar poles. 
Some eyes were more impressed by dofinitoness of form, 
others by size and luminosity. 

Obviously, conclusions must bo drawn from ocular 
impressions only with tho greatest caution. Photo- 
graphs are, of course, moi*e to bo trusted, as far as they 
go ; "but, even with them, a slight difference in tho 
sensitiveness of the plate, in the exposure, or in the 
development, will make a great difference in the result- 
ing picture. Heither can any photogmiih ever bring 
out everything which is visible to tho eye. An ex- 
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posure, sufficient to exhibit well the fainter details, will 
spoil the brighter features, and vice versa. Moreover, 
it may, and not seldom does, bring out features that the 
eye can not see because their light is mainly ultra-violet. 

We can do no better than to refer one, who is curious 
to see how various are the representations of this won- 
derful object, to Mr. Baiiyard’s magnificent vmrk upon 
the observations made during total solar eclipses, pub- 
lished as Yolumo XLI of the “ Memoirs of the Boyal 
Astronomical Society of Great Britain.” In it ho has 
reproduced nearly a hundred di Heron t drawings and 
pliotograpbs of the corona, as seen during the eclipses 
since 1850. The steel engravings of the eclipses of 
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18t0 and iSYl, based upon tho pliotograplis tlion made, 
aro among tho most aeon rate and hoaiitiCnl re]>rc8onta- 
tions of tho corona anywhoro to bo found. Wo liave 
copied a fow of his woodcuts, wliicli give an idea of 
tho moro roinarkablo features of tho jdicnomenon, and 


Fra. 81. 



ConONA OI» 18fl0.~8KOOHI. 


oxliibit the didoreiioes hotvvoou its (dnirnctof and ap- 
peamneu on diiTorciit ooensions; wo have nddocl also a 
pieturo of tho corona as seoii in 1878, in which wo have 
combined tho sicGteliCB of sovoval obfiorvors with om* 
own impressions. Woodcuts, liowovor, avo not com- 

ir 


petent to bring out tlio peculiar filmy, TiobulouB charac- 
ter of many of the details, which can be fairly repre- 
sented only by steel engraving. 
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The drawing of Liais, Fig. 80, shows the petal 
like forms which have been noticed in the corona at 
other times, but seem to have been especially prominent 
in the eclipse of 1857. The figures of the corona of 
1860, by Secchi and Tempel (Figs. 81, 82), show how 
widely observers only a few miles apart will differ in 
their impressions. 
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The drawing of Groseh in 186*7 (Fig. 83) is interest- 
ing in comparison with tlint of 1878, ns showing tlie 
state of the corona at two similar times of snii-sjDot mini- 
mum. The long extensions of faint illumination in tlio 
direction of the sun’s equator and the short but vivid 
brushes in the polar regions are notable in both. 
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Bullock’s picthro of tho oclipao of 1808 (Fig. 84) 
shows a larger and more irregular corona than usual. 
Tho drawing of Schott (Fig. 86), on the otlior hand, 
shows the corona of 1869 much sinallor and more brill* 



iant than ordinary, and tho writer can vouch for it as 
giving pretty accurately the impression which ho’ liiiiil* 
self received at the time. ' 

Many of our readers, no doubt, have soon a mrieh 
more impressive picture of the same corona, made by 
Mr. G-ihnan at Sioux Oily, and published in the eclipse 
report of the United States Naval Observatory (ropro- 
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duced ill Mr. Proctor's “Sun”). It allows an oxtom 
Bive system of rifts and rays, which, if i-eal objects, 
escaped the notice of most obsorvors—tlioir visibility, 
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perhaps, depending on the state of the atmosphere, 
wliicli is described as slightly hazy, but very steady, at 
Mr. Gilman’s station. 

The drawings of Captain Tupmnn and Mr. Foe- 
nandor (Figs. 8G, 87) are interesting for comparison 
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vvitii each other and with the photographs of the samo 
eclipse (Fig. 88); and tlint of the eclipse of 1878 (Fig. 
89) is remarlcablo on acconnfc of tho enormous ex ton- 
sion of tho faint bj-iishos of nobiilosity which were 
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traced to a distance of 6° or 7® from the sun by Pro- 
fessors Langley, Abbe, and Newcomb. 

To these pictures of tlie corona that appeared in our 
first edition, wo add three otliors that seem especially 
worthy of reproduction, 

Fig. 90 is from a steel engraving which com! fines 
the pliotograplis of the Egyptian eclipse of May 17, 
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lHb2. Like Figs. 88 and 92, it is a typical ‘‘spot-maxi- 
m\im coi’ona.’^ Attention is called to tho little comet 
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in tliQ corner of the engraving ; it was seen only dur- 
ing the eclipse, but seenas to have been a precursor of 
tlu groat comet that appeared the following autumn. 
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Fig. 91 is a direct reproduction from a beautiful 
negative of the oclipso of Jannary 1, made by 

Mr, Burckhalter, of Oakland, Cal., with an exposure of 
one second. It is a typical “ spot-miniuium ” corona, 
tlio polar stveamors being oxtroraoly fine, and the equa- 
torial extension enormous j this latter, however, is better 
brought out on negatives of longer exposure. 
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ITicr, 92 is from wimt, on tlie wliolo, is tlio finest 
photograph ever yet obtained of the eorona. 
made on April 16, 1803, at Mina Broncos, m Oluh, at 
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an altitude of 6,600 foot, by Professor Scliaoberlo, with 
a photoholiograph telescope of 40 foot focal iongtli and 
6 inches apertiiro-j the sun’s disk in the original is about 
4 inches in diameter. 

One of the first questions whicli snggosta itself with 
reference to the corona rolatoa to its location t is it a 
phenomenon of the sun, of the moon, or of our own 
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atmosphere; or is it perhaps a mere optical effect, like a 
rainbow or a halo ? If its scat is in tlie earth’s atmos- 
phere, it is of course an aHair of little magnitude of 
importance; if, on tlio other hand, it is really at the 
sun, it must be an object of enormous dimensions and 
of oosmical signiiicance, 

Kepler, and many astronomers after him, attril)ntod 
it to the atmosphere of the moon, and this continued, 
perhaps, to be the most generally accepted explanation 





until the early part of the present century, wlion it was 
shown by many incontestable considerations that the 
moon possessed no attnosjdicro to speak of ; certainly 
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none which could account for the observed facts. From 
this time until 1869 the weight of opinion seems to 
have been rather in favor of n terrestrial or purely 
optical origin for the corona, though some (Professor 
Grant, among others, in 1852, in his “ History of Pliysi* 
cal Astronomy ”) considered it more probable that the 
solar atmosphere is the real causo. 

The question was first settled in 1809 by the obsor- 
vations of Professor Ilarkness and tho writer, who, 
independently, found the spectrum of tho corona to ho 
characterized by a bright lino in tho green. It was 
identified by tho writer, whoso spectroscope was very 
powerful for tho date, as the “1,171” lino on Kirch- 
hoff’s map of the solar Bpectriim, then generally used 
for reference. Tho existence of this bright lino domon- 
strates the presence, in tho corona, of inoandoscont gas, 
and this of course can only bo near tho sun. Some 
doubt was cast upon tho observations at first, but they 
have since been fully confirmed ; and in 1871 a di/Toi’- 
ent and more simple proof waa added. Photographs, 
taken at stations which wore separated by several liuii- 
dred miles, in India and Coylon, showed prooisoly the 
same details of coronal form and struoturo, and aro, by 
themselves considered, sullloiont to demonstrate that the 
main features of tho phenomenon aro indopondont of 
our terrestrial atmosphere and tlio accidoiits of tho lunar 
surface. Of course, it is not meant to afiirm that our 
own. atmosphere has no part in tho phonomonon, but its 
r6U is only secondary. As has boon pointed out by 
Mr. Proctor, tho observer at the middle of an oolipso is 
in the Center of an enormous shadow, gouoi“ally from 
fifty to a hundred miles in diameter. If wo grant that 
tile air retains some sonsiblo density and power of light- 
reflection, oven at an altitude of a hundred niilos, and 



TOR CORONA. 


361 


aasnmo for the shadow a radius of only twenty miles, 
no particle of air illuminated by sunlight could, under 
those cireiimBtancos, bo found within 11° of the sun’s 
apparent place in the sky. If there were no corona 
truly solar in its origin, there would tliereforo be around 
the moon a circle of intense darkness, 23° at least in 
diameter j at the edge of this circle a faint illumination 
would begin, forming a luminous ring, something like 
a halo, outside of which the sky would be lighted by 
rays from an only partially hidden sun. Of course, this 
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dark hole in the sky would be concentrio with the 
sun and moon only at the moment when the eclipse 
was central. In the actual state of things, the portion 
of the sky in tho neighborhood of the sun is, of 
course, illuminated by whatever appendages of tho sun 
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remain unhidden by the moon, and it is this faint illumi- 
nation, derived from the corona and prominences, which 
gives to the lunar disk its apparent solid rotundity. 

We have spoken of this illumination as faint, but 
generally it is considered to bo much stronger than that 
of the full moon, though there is some dilfercnco of 
opinion on the matter. There is no doubt that in many 
oases there is abundant light for reading a watch-faop, 
even at the middle of the totality ; the writer, in 1800, 
found no use for a lantern in making notes or in read- 
ing a micrometer-head. But undoubtedly a large ])or- 
tion of this light is derived, not from the corona, but 
from the illmninatod air; for, thmigb the observer him- 
self is in darkness, helms in sight all around the horizon 
a sunlit atmospliore.* 

Undoubtedly there is a groat difloronco between 
dilforent eclipses in respect to the obscni’ity. Tlio 
brilliance of tbo lower part of the corona — a narrow 
ring close to the limb of the sun — ^is dazzling ; but the 
light falls off very rapidly. In an eclipse of long du- 
ration, there foi*o, when the moon’s apparent diameter 
considerably exceeds the sun’s, the brighter poi'tion of 
the corona will bo covered, and the liglit will bo much 
less than in, an eclipse occuri’ing when tbo differonce 
between the diamotera of tbo sun and moon is only 
small. 

At the eclipse of 1809 an attempt was made to 

* This ia apccially obvious IE tho eky is covovod with olotids o£ modi 
iiin donsity, In August, 1887, the writer had tho mlsEortuno to occupy 
a atntloii (about 120 lailcs northoast of Moscow), where It wna wholly 
overcast, and a misty rain was falling muoh of tho limo during tho 
oollpso. At tho middle of the oolipso tho darlcnoss was hardly groalor 
than in a heavy tlumdoiBlonn : tlm momoiit wimn '* totality ** began 
could not bo dotorminod with any acouvacy at all, and Its oloso waa 
doubtful by some accouds, Fino print could be road all tho time. 
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measure the darkness of the totality, as com pared with 
that of night. The obscurity proved to bo bo itiiuiii 
deeper than Imd been expected, that tlio iiigonit>OH in- 
strument which Professor Eastman had doviHod for Llio 
purpose turned out inadequate to deal with it oxuc.tly. 
The apparatus consisted of a tube about ton inclioH long 
and two and a half in diameter. At tho bottom of this 
was painted a small white star of five points, with a 
black dot in tho center, and a black iirout'il it. 

The other end of tho tube was closed with a B<3-tialled 
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‘‘ oat’p-eyo,” a square opening, the aiiao of which can ho 
varied at will, by moving two slides with a nueruinctar- 
soi‘ow^ or rack and pinion. 

A small tube, attached obliquely to tho largo cino, 
like a teapot-nose, allowed the observer to look at tlio 
star, and the amount of light from tho sky was then 
measured by opening or shutting the Blidos until tho 
dot and ring in the center of the star jnat coUBod to bo 
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visiblo. Kot only did the ring and dot become invisible 
with the whole aperture of the cat’s-oye, but the star 
itself was invisible during the totality. Professor East- 
man, on the whole, concluded that the general darkness 
was on this occasion about the same as an hour or so 
after sunset, when third-magnitude stars first become 
visible. The instrument was pointed at the zenith, 
however, and not at the corona, so tliat it gave no direct 
determination of the coronal light. Neither do the ob- 
servations of Mr. lioss, in ISYO (by whicli the general 
illumination was compared with the light from a candle), 
answer the purpose any better. And substantially the 
sanie is true of the observations made at subsequent 
eclipses ; especially in 1880 and 1889. 

One or' two attempts ha\’e been made to compare 
the shadow cast bj*^ tlic corona with that produced by a 
candle ; but the coronal shadow has always been so 
masked by the general aerial illumination as to defeat 
the observation. One astronomer only, so far as known 
to the wi’itor, has made an estimate of the coronal light 
based on anything like a scientific foundation. Belli, 
in 1842, found that the corona seemed to him to give 
as ranch light ns a candle at a distance of 1’8 metre. 
He was short-siglited, so that an object like a candle 
a])peavcd to him as n confused patch of light, and it 
was by taking advantage of this defect in his vision 
tliat ho was able to effect the comparison, which must, 
liowever, have been only very rougli. Two weeks later 
ho compared, in the same way, the full moon, at the 
same altitude, with a similar candle, and thus found 
that tlio light of the corona was less than one sixth that 
of the moon. This comparison, however, is so unsatis- 
faetory in its details that no groat weight can be allowed 
it- and it must, perhaps, be still considered an open 
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question wliofcher the light of the corona is brighter or 
not than that of tho moon. 

The lower portions of tho coronal ring, close to the 
eun, are usually much too bright to be looked at com- 
fortably with a telescope unprovided with a shade-glass; 
wo have on this point the testimony of Biela, Struve, 
Uanyard, and others. Moreover, at a transit of Tenus or 
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Mercury under favorable circumstances, tbe black disk 
of the planet becomes visible before it roaches the sun. 
Janssen thus saw Venus in 18Y4, and Langley, Mercury 
in 1878. Of course, this implies behind tho planet a 
background of sensible brightness in comparison with 
the illumination of our atmosphere. It is generally 
considered that a difierence of one sixty-fourth lu the 
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brightness of two adjacent portions of a surface if* i 
smallest quantity percejitiblo by the eye, and, if ^ 

corona must be more than one sixty-fourth as 
as the aerial illinnination at the edge of the sun*** 

At an oclipso, also, the corona is Bomotimos soon HOVfJ 
seconds, or oven ininutea, before the beginniii^ 
after the end of totality. Petit, in 1860, reports Hooi 
it twelve minutes (sic) before the disappearanoe t 

sun, and Lockyor, in 1871, con tinned to see it for tlii 
minutes after the sun’s reappearance. But, as liUH I 
said before, the light falls olt very rapidly, and tlit» 
cr portions of the corona aro of the faintest nobulo^t 
It is greatly to he desired that, at the next ecHj)HO, ho: 
careful plmtomcti'ic measurements shonld be mado. 

Apart from tlic differoneo in the amount of 13^ 
at different eclipses, duo to the variation in the intxi 
diameter, there is a strong probability that tlio coi'C 
itself changes considerably in briglitness and 
from year to ‘year. In 1S78 it was the general v< 3 i*tl 
of the numerous observers, who had also soon tlio GolJi 
of 1869, that the corona was much loss brilliant; tl 
on tlio former occasion. Still, several obsorvoi’H 
deservedly high roputaticjin liolcl a precisely ooiibiu 
opinion. The corona of 1878 was unquostionabljy' 
more extensive. 

Of course, the known facts as to the porioclinity^ 
sun-spots, and the sympathy between them and 
])rominoncc8, make it anteccdontly ])vobablo that: it c 
ro8])oiKUng variation will bo found in the coroiia 4 

In the eclipses of 1807, 1878, and 1889, all of wJi 
occurred near the sun-spot minimum, the oorontt ’ 
characterized by very long, faint^ equatorial oxtoiiHU 
with distinctly defined diverging polar rays : o ii 
other hand, in 1870, 1882, and ,1893, the oqvmto 
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wings and polar rays were mncli less striking, the corotia 
was more nearly circular, and its principal dovolopinont 
was over tlio suii-s])ot zones. Figs. 81) and 92 nuiy bo 
taken as nearly ty])ical. 

In the eclipse oi’ 1 878, which occurred at a sun-B])ot 
minimum, the spectroscopic peculiarities of tlio corona 
werc also greatly luodiiied, Tlio bright lino, which is 
its principal characteristic, became 8o faint tliat many 
observers missed it altogether, 

This bright lino, as has heoii said before, was first 
recognized as coronal at the eclipse of 18G9. It had 
been seen reversed in the spectrum of the chromosjdioro 
a few weeks previously, both by Mr, Loekyer, and, in- 
dependently, by the writer, who, however, did not know 
of tho earlier observation until some time after the 
eclipse. In the ordinary solar spectrum it appeal’s ns a 
fine, dark line at 1,1:74 of Kirclihoil’s scalo, or 5,310'0 
of Howland’s — a line in no way conspicuous ns com- 
pared with hundreds of others, and barely -visible with 
a siiiglo-prism siicctroscopo. 'With a spectroBfiopo of 
higli dispersion it was found, in 1870, to be closely 
double, the u])por (more rofi'angible) component being 
slightly hazy, while tho other is sharp and woll-clefincd. 
Tho upper component is tho true coronal line, and is 
always seen without mncli dithculty, reversed in tlio 
spectrum of tho chromoaphere, lloth Kircliliofl’ and 
Angstrom givo the lino as belonging to the sjiGcLriini 
of iron^ a fact which was for a time very ]ierplc>:ing, 
since it is hardly possible that tho vapor of this metal 
could really bo the provailing eoiiatituout of tho corona, 
surmounting oven hydrogen itself. This dilliculty, liow- 
over, no longer exists, for it is now clear that tho iron- 
lino is tho lower component of tho donblo, its oloso 
proximity to tho other being only ncoidontal. The 
18 
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figure gives a reprosontation of the lino and its sur- 
roundings, ns Rcen in a liigh-disporsion spcctrosoopo. 
Tiio soalo above tlio spoctriiin is tliat of Angstrom. 


Fv 



I’uJlTtOH OF Tint NI'AU TllK ('oHONA LtNK (if), 

flR HGon 'vvlth flti liislmiiiont of lilgli dlRporslon, 


The liydvogoii-lines and H and K also appear bright 
in tlio Gorona-S])cctrmn. It is, perhaps, not quite certain 
that this may not bo due to rofiection of the light of the 
oh ro mo sphere in our own atmosphere, but, on the whole, 
probably not.’^ The atmospheric reflection extends in- 
ward, at an eclipse, over the darlc disk of the moon, as 
well ns outward, and if the appearance of the hydrogen- 
linos wore due simply to this reflection, they should ho 
just as strong on the moon’s disk as in the corona. This 
does not seom to bo the case, tliongh in 1870 the writer 
saw them plainly on the center of the lunar disk; but 
* Jaussoii and Tjockyei* agree that they are much hrighter 
outside. The ‘'1,474 line” has l)een traced, by an ana- 
lyzing apootroscp]) 0 , on sorao occasions to an elevation 
of nearly 20' above the moon’s limb, and the hydrogon- 
lincs noarly as far. "What is important also, the linos 
wore just as strong in the middle of a darh Tift as any- 
♦ Sco Note 0, pngo 8IS9. 
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where else. We shall have oceasioii to reenr to this 
again. 

With the analyzing Bpcctroseope the 1,474 line is 
very mueli feebler near the sun’s limb than the hydro- 
gon-lines, i. c., taking any snmll portion of the corona 
near the limb, the hydrogen is mneh more brilliant than 
the unknown vapor which produces the other line. 
When, however, the eclipse is examined by an integrat- 
ing apeetroscopo,’^' the relation of brightness is reversed, 
showing that the total amount of ''‘1,474 light” is the 
greater, and indicating either that it comes from a much 
more extensive area, or else that in the upper regions 
tlio hydrogen loses its brightness much more rapidly 
than the other material. 

As to the substance which produces the 1,474 lino 
wo have no knowledge as yet, though the name “eoro- 
nium” has boon provisionally assigned to it, and the 
recent probable identification of “lielimn ” in terrestrial 
niinorals gives strong reason to hope tliat hoforo very 
long wo may find coroniiim also. It would seem that it 
nuist bo something with a vapor density below that of 
hydrogen itself, which is incomparably the lightest of 
all bodies now known to our terrestrial chemistry. It 
can hardly bo any one of our familiar elements, even in 
any alio tropic modification, such as has been suggested 
by some, for, in the midst of the most violent distil rb- 
ancoB which are observed sometimes in promincnccB and 
near sun-spots, when the linos of hydrogen, magnesium, 
and other metals are contorted and shattered by the 
swiftness of the rush of the contending elements, this 
lino usually remains undisturbed, fine, sharp, and 
straight ; a little lirightonod, but not otherwise af- 
foelod. For the present it stands (as did the helium 

*Sco pagCH 12 ^ 18 for cxplanntlon of lliis term, 



linea until liainaay’B discovery) nn iitioxplainod mys- 
tery.'^’ 

I'ajsidos this lino and tho h 3 'drogcn«lino 8 , two others 
luLvo boon doubtfully reported iu the greenish-yellow 
part of the spectrum. One of them seems to have been 
Btam twico: lirst, iu 1«S00 by the writer, and in ISYO by 
.Denza, in Italy, Its place is about 5,570 of Angstrom^s 
Hcalo. iStill, as one of the barium-linos, which is fre- 
quently and l)rilliantly reversed in the spectrum of the 
c-broinosphere, is tiot very far from this ])laco (at 6,551:), 
it is (juito ))ossiblo tliat this was the lino seen. Tlio 
other doubtful line (reported by the writer in 1869) was 
at 5, '150 (Angstrom), also very near, in fact betwoon, 
tho places of two linos which aro conspicuous in tho 
cliroinosphoro. 

O^he jdiotogi’ujdiic spectrum of tho corona, ohservod 
more or less fully at every celipso since 1882, is full of 
detail and inlorost, Its most striking feature is tho 
great calcium pair, 11 and K, but tho violet and ultra- 
violet lines of liydrogon aro also conspicuous, and there 
aro a multitude of others loss so. It is not easy, how- 

* rifl fror|ilont lilonllficallon wHli ft lino iu Uio Bpeotrum of tho mirorft 
liorcftliH, for wliloli, uufoi'lunftloly, tho writer wns nt first mainly rospon- 
hIIiIo, Ib ft Htflldng cxamplo of tfio (IKficully of corrooting ft mislftko wlilofi 
liftH onoe gftiiiotl enrronoy. A fow weeks before tbo first discovery of till# 
Ilnu In llio flpoolrnm of the corona, Professor Winlock had observed 
iho Hpoclrinn of ft bright ftiirora, and hiid publlahed tl»o position of five 
lines; ono of the five poslllona coInciUoa with that of Uio 1,'I7‘1 Hno fftf 
williin tho IhnitB of orror 'prolmblo in auch an obsorvfttloii, and I jumped 
to the conolnBlon timt tlio coincidence wftB exact (itul signlltoant, Lnlcr 
obHorviillons ROtm «howod that tliis " lino ” In the niirorn spoclruin la not 
ft Unn ftt nil, alrlotly Hpoftkiiig, but a fnint, Imzy band, never to bo soon 
except In uinisuftlly bright nnrorfta, and not at all idonllflnblo wUli the 
lino of the eoroim. Ro far ns tho spnotroscopo goes, there Is no 
Imlloftlioii of imy oonnceilon between tho corona ftiid tlio niirora of iTia 
OftvUi’fl iitinosplioro, though Ihoro nro other fftcla which suggest that thO 
plKniomoim luiiy bo to some oxtoiit similar In tholr nature. 
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ever, to discrimiiuito between those Hues that arc 
truly coronal and those that belong to the cliromo- 
eplioro.* It would bo well at the first oj^portunity to 
obtain photogrnplm with simple “integrating” spectro- 
scopes as well as with “analyzing” instruraonts. 

Besides bright linos, the corona shows also a faint 
con tin nous spcctrinn, and in this Janssen and Barker 
have observed a few of the more prominent darh lines 
of the solar spectrinn — D, and G especially. 

This fact of course shows that while the corona may 
bo in great part coinj^osed of glowing gas, as indicated 
by the bright lines of its spectrum, it also contains a 
considorahlo (quantity of matter in such a state as to re- 
flect the sunlight — matter, probably, in the form of dnst 
or fog. 

This conclusion is borne out also by tlio result of 
obaorvations with 'diiTerent forms of polariscope, which, 
for the most part, indicate that the light of the corona 
is partially polarized in radial pianos, just as it should 
bo if in part composed of reflected light. We have said 
“for the most part,” bcoanse there have been some 
very puzzling discrepancies between dilTorent instru- 
ments and diilorout observers, which wo have not space 
to discuss hero. 

Since the corona, then, eon tains both incandescent 
gas and also matter in such a condition of mist or smoko 
as fits it to reflect light, it is an interesting question 
whether dilTevont ])art8 of the coronal structure arc com- 
posed alike of botli, or whether there is a separation. 

It has been attempted to solve tlie qiiohtion by ex- 
amining tlio eclipso with a so-called “ slitless spectro- 
scope”^ — i. 0 ., simply a prism put in front of the object- 
glass of a small toloscoiio. If, with such an instrument, 
one wore to look at a dishuiL object emitting homogo- 
* See Nolo 0, pngo 86Y, 
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ncous light (an alcohol-flamc tinged with salt, for in- 
stance), one would seo it precisely as if the prism wore 
not there, except that the refraction would (dmugc the 
apparent direction of the object. If tlio light were 
composed of throe or four bright lines, like that from a 
Geissler tube filled with hydrogen, there would tlieii 
appear the same number of colored images. If tlici 
light were like that of an ordinary caudle, which gives 
a continuous spectrum, one would got merely a cohired 
streak. Finally, if we had a source of light eumhiuiiig 
these different conditions, a lamp*fiamo, for instancu, 
tinged in some parts with sodium and in others with 
lithium, we should then have the streak of color marked 
in the yellow with a clear imago of the sodium part of 
the flame, and in the rod and violet witli imagos of that 
part of the flame which was colored by lithium. 

If, then, the long rays and Btreamers of tlio corona 
wore mainly composed of the gas which gives tlio 1,414 
line, we ought to see them distinctly thvongh tlio prism 
on a background produced by tlio light from the reflect- 
ing mist. Nothing of the kind occurs, however. The 
slitless spectroscope, in the hands of various ohsorvers 
since 18Y0, has shown a continuous hand of liglit with 
several smooth, bright rings upon it: the brightest and 
largest ring was green (corresponding to the ,l,4Y4 line), 
and there were three other fainter ones in the rod, blue., 
and violet, corresponding to the threo brightest linos of 
hydrogen. It is to be inferred, therefore, that the gas* 
eons matter of the corona forms a pretty regular atmos- 
phoro around the sun, and that the structural eloments, 
the rays, rifts, and streamers, are mainly due to mist or 
dust— at least they seem to give a eontinuoua spectrum. 
With this agrees the fact, before mentioned, that the 
1,474 lino is just as briglit in the middle of one of the 
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/lark rifts as in a bright streainor. In 1878 the elitlcfis 
spectroscope, however, failed, in the hands of all the 
ohsorvors, to show any rings at all. This fact, taken 
with the lessoned brightness of the corona on that occa- 
sion, seems to indicate that the gases of the coronal at- 
mosphere, at the time of a enn-spot minimum, are nnicli 
diminished in extent and brilliance, while the streamers 
are comparatively unallectod, 

BAPin OIIANaES IN THE OOKONA, 

The question has been often raised, whether the 
appearance of the corona changos during an eclipse. 
Many drawings seem to show that this is the case ; they 
reju’OBOTit the corona at the beginning and end of the 
eclipse as much wider on that side of the sun less deeply 
covered by the moon — on the western edge, near the 
beginning of the celipso, and on the eastern, near its end 
— wliile it is apiiroximatoly symmetrical at the middle 
of totality ; and this circuuistanco was much relied upon 
for a timo by those who maintainod that the corona is, 
in the main, a phenomenon of the earth’s atmosphere. 
Other drawings, however, of the same eclipses, show 
nothing of the kind, nor do the photographs, except in 
one or two instancos, whore a sulhcicnt explanation is jbo 
bo found in drifting clouds. On tlio other hand, pho- 
tographs taken at diftoront moments during an ecliiisc, 
and at stations many hundrod milos apart, agree so close- 
ly as to make it evident that the main features of the 
corona change only gradually, porsisting, as a rule, for 
hours at least, and porliaps for days and weeks for aught 
wo know. At the same timo they do sometimos change 
l>6r6q)Uhhjy oven in the course of twenty ininxitos, while 
the simdow is traveling botwcon stations only a few 
hundred miles apart. Some hfivo thought they saw 


rapid movements in tlie streamers, and luivo desoi'ilK'd 
them as waving and flickering ; one or two have (iveji 
imagined that the corona “ wldrled like a catlieriiui- 
wheel.” Probably this is mere imagination, thoiigli 
tlio unsteadiness of the air might give a person nmiscd 
to astronomical observation tho idea of (jiiivering mo- 
tion. Tho usual impression upon tho mind is (ptiUi 
different — that of calm, sorono stability. 

Oombiniiig tho facts tluit have boon ascertained, and 
speaking in tho most general way, it would soom that 
the corona is mainly composed of fdaincnls Avhicli cither 
emanate from the sun or arc developed in his alinos- 
phere most abundantly at those portions of Ins snrfaeo 
about midway between tbo equator and the ])oles, iboso 
filaments which are emitted on citlior side of tlio zone 
having a tendency to loan toward t.ho eentj’nl ones. As 
a consequence, tho corona tends toward tho form of a 
four-rayed star, tho points of which aro imditUHl 45° to 
the sun’s axis, and aro made up of converging filaments, 
constituting tho synclinal structuro wliieli Mr. Xianyard 
first clearly brought out. 

Obviously, however, this statement must ))o lakuii 
very loosely. Every eclipso ■))roRonlB striking ox<'.ep- 
tions. There aro always streamors tangential, curved, 
or inclined, which can bo brought nndor no such i‘ulo ; 
faint, far-reaebing cones of light, like thoso which wore 
seen in 18Y8; dark rifts, rounded masses of nebulosity, 
vortices, and aimdtitudo of other poeidiaritios of struct- 
ure no more reducible to a formula than tho shapes of 
flame or clon'd. 

Opinion is very widely divided as to tho natiiro 
and origin of tho substances which compose tho coronal 
strncturos. Vory fow now, wo think, deny tho ]u'cs- 
once of an atmosphere of iiicandoscont gases roneliiiig 
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to an olovation of at least 300,000 miloB, and this al- 
though tlicro are enormous difiicuUies in harmonizing 
an atinosphero of such extent with the low pressure at 
the surface of the photosphere, indicated by the fineness 
of tho Fraunhofor linos in the spectrum. But, as to 
the material of whicli tho streamers are composed, and 
the nature of tho forces which determine their form 
and position, their is no agreement. Some see in tho 
corona simply flocks of meteors, and there can bo no 
doubt that metoorio matter must abound in the sun’s 
immediate neighborhood. But looking, for instance, at 
tho pictures of tho eclipse of 1871 and 1889 it appears 
Gvidont that tho details of that corona could not be ac- 
counted for in this way. It soeins much more likely 
that tho phonomona of comets’ tails and the streamers of 
tho aurora aro phenomena of tho same order, and though 
as yet tho establishinont of this relation would not 
amount to anything liko an explanation of tho corona, 
it would bo a stop toward it — a stop by no means taken 
yet, however, it must bo admitted ; nor is it easy to see 
at present liow the problem is to bo attacked. That the 
forces concerned reside in tho siin himself is made prob- 
able by the usual approximate symmetry of tho corona 
with roforonco to his axis, and tho fact that tho coronal 
streamers seem to originate most abundantly nearly in 
the sun-spot zones. 

But wo must evidently wait awliilo for tho solution 
of tho ])r{)bloin8 presented by tho beautiful plicnomonon. 
Possibly tho time may come when some now contrivance 
may onablo us to boo and study tho corona in oi'dinary 
daylight, as wo now do the prominoticos. Tho epootro- 
aoopo, indeed, will not aooamplish tho purpose, sinco 
tlio rays and stroainors of tho corona give a continuous 
Bpocti'um ; hut il; would he rash to say that no incans 
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will ever be found for bringing oul. the HtruoturoH aruntui 
the sun which are liiddcn by tlio glare of our a(:unw* 
phere. Unless soinothing like this can I )0 d<»iu!, tho 
progress of onr knowledge must probably bo very slow, 
for the corona is visiblu only about eight days in a cent- 
ury, in tho aggregate, and then only over narrow atripes 
on the earth’s surface, and hut from one to live niimites 
at a time by any one observer.’^ 

Within tho past fow years a nuinhor of very uarnest 
attempts have been made in tho direction indicated. 
Dr. Huggins was the first to move, and from JH8;{ lor 
a mniiber of years worked liard in the ondouvor to ob- 
tain photographs of the corona in full suiishino. Hu 
succeeded very early in getting a nuinhor of platen tdiow* 
ing around tho sun certain faint, elusivo lialo-f<»nuH 
which certainly look very coronal. I’lans were niiidu, 
and were carried out, in !188i, for using a siniihir appa- 
ratus upon tho Ri/folboi’g in Switzerland, and afUir- 
ward at the Capo of Good Hope. Nothing han been 
obtained, however, inncb in advanc.o of Dr. lIuggiiiK’H 
own first results. But since Soptoinbor, 1.88.'h unl-il Into 
in 1886, the air, as every one knows, was full of a iliiu 
haze, probably composed in tho main of ihist and vujior 
from Krakatoa, wliicli greatly intoidorod with all aiich 
operations. 

About tho same time that Dr. irnggins was photo- 
graphing in England, Professor Wright, of Now Haven, 
was experimenting on tho same subjoct in a diiTcrmit 
way. He reflected tho sun’s rays into a darkonod room 

*T!il8 estimate Is based upon tho tnot that total oclfpscH occur ou the 
average about once in two years, that the sliadtnv ocenpios fon tlio nvor- 
ago, again) some three hours In Imversing the glolio, nnti that tlio iiionn 
duration of totality is hotwoon two and throe inlniilos, never by any pos- 
sibility rcoching eight niiiiutca, and very seldom six. 
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by a beliostat, cut out all but tlio blue and violet rays 1 >y 
a suitable absorbiiig-coll, and then Xornied an imago of 
tlio sun and its surroundings iipon a sensitive fluorescent 
screen, stiipping out tlio sun’s disk itself. lie obtained 
on the screen, on more than ono occasion, what he then 
believed and still believes to bo a true imago of the 
corona. But the aorial bazo soon intervened to put an 
end to all such operations; for of course it is evident 
tliat success, wliotlior by photography or by fluorosccnee, 
is possible only under coiulitioiis of unexceptionable at- 
mosphorie purity. 

Both Professor Wright and Dr. Huggins base their 
hopes upon the belief, which sconis to bo warranted by 
the spectrinn-photographs obtained during the Egyptian 
eclipse of May, 1882, that the light of the corona and of 
the upper regions of the sun’s “atmosphere"* (if ono 
may so speak of what is not strictly an “atmosphere” 
at all) is peculiarly rich in violet and ultra-violet rays 
— that tlio corona is far more brilliant to tlio photo- 
gra])hic plato and to the fluorescent screen than to the 
eye. 

The reports from the oclipso of August 29, 1886, ob- 
served by DiigliHli and American parlies on the island 
of Grenada in the Southern West Indies wero strongly 
unfavorable to the reality of the coronal appearances 
obtained by Huggins and Wright in their attempts to 
roudor Iho corona visible without an eclipse. Plates 
furnished by Mr. Huggins, and lU’ceisely similar to those 
which ho has em^iloyod in liis photographic experiments, 
wore exposed by Captain Darwin during the totality (as 
well as before and after it), in an apparatus like Mr. 
Huggins’s, with a time of exposure the same tliat he lias 
boon using, and wero treated and developed in accord- 
ance with Ins directions. The plates which were thus 
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exposed during tlio totality show no corona at (tll^ tho 
exposure time having proved insnfhcient to bring it out. 
Nor do tlie plates exposed during tlio ])artial ])huHO show 
any trace of the moon’s outline hoy on d tho sun’s limb. 
Of course this makes it oxtromely probable tluifc 'wlint 
looks like the corona upon plates exposed in tlio same 
way to tho uneclipsed sun is moroly a fallaoioufl gliost, 
due, as liia opponents have always claimed, to somotliiug 
in his apparatus or ])rocess, or else to tho scattering of 
light in our atmosphere. It is true, as Mr. Ooimnon 
points out, that tlie result is not absolutely conclusive, 
because the air was by no moans satisfactorily clear dur- 
ing the eclipse ; but it must be conceded, and Kr. Hug- 
gins himself admits it, that the probability is now licavi- 
ly against him. Captain Darwin obtained good pictures 
of the corona with ordinary plates exposed for a longer 
time in the usual apparatus. 

The later eclipses of 18S9 and 1893 also hoar in tho 
same direction. 

More recently still, Professor Halo has made a now 
attempt with the spectro-hcliogi-aph, from Pike’s X^oak 
and the top of vEtna, as woll as from his own obaorva- 
tory. He was in hopes that by tlio use of tho doulde 
slit of the instrmnontj shutting ont all but tho “K light,” 
which is especially strong in the spoctnun of tho corona, 
the effect of the aerial illumination iniglit bo rolativoly 
1 educed to a groat degree, because in tho spocti'Uin of 
tho air light, “ K light ” is almost wanting — ^in tho air 
spectrum TC is a black band. But ho has liad no bettor 
success than his predecessors. 

He is now about to try still another method, and 
endeavor to make tho corona manifest itself by its 
rays^ using for tho purpose a holomotrio ajiparatns vory 
similar to that with which Professor Langley has boon 
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making Ins romarkahlo iiive8tigati{)n of tho infra-red 
spodtrinn. 

JVobubly it innHt bo lulinittod tluil; at in’osoiit the 
predominant oiniuon among astronomors and photog- 
mpbors is against tho prtujticabilily of roaoliing the 
(50rona witliout an oclipsoj by any such inothods ; still, 
to the writer at least, the (inso appears hy no means ab- 
solutely liopoloBS, and siieeess ia certainly devoutly to be 
desired. 

"We innst not cIoho the ebapler without a fow words 
as to the rucont euurao and the ])ro8ent state of theoret- 
ical speeuhitlon respecting tho corona. 

At the oc.llpso of ltS8f5, ol)served on Caroline Island, 
in the Paciiie Ocean, hy French and Aiuericiau parties, 
Vrofossor IlaHtIngs made observations for tho purpose 
of testing a theory ho had fi'auujd, that tho outlying re- 
gions of tl>c corona are merely a (li;(fi'aoU(m elTe{it pro- 
duced hy the edge of tho moon ; the diiTr action being 
not that <lu(v to the wynlar period ie-ity of light- vibra- 
tions, ordinarily disc.ussed, hut duo to tho probable con- 
tinually o<«mri’ing discontinuity or (diango of phase in 
tho vibrations, lb Hooms probable, from a not p(5rfcctly 
coinploto im'ostigntion, tlinfc such discon tiiniity. might 
seattoi* light far beyond the limits of ordinary diffrac- 
tion. Ho fo\md during tho ecliiise, hy an apparatus 
constructed expressly for tlie purpusiJ, that Idio bright 
e»)ronn-lino (1*174 IC) was always visible to a imicdi 
greator distanc-o from tho sun on the side Uaist deeply 
covered hy tlio moon thaii on tho other, as iniqiiestion- 
uhly ought to bo tho ease if his theory wore correet. 

lint tho same thing would roHulb from tho dilfnsioii 
of light hy the air ; and the French observers, and nearly 
all others who have diBeiisHud tluj matter, fool satisfied 
that this IB tho true explanation of what ho saw. He 
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himself now, wo iinderstaiKl, thinks it nol; iinpossiblo 
that a thill eloml may liave passed over tlio sun just at 
the critical moment, and so have vitiated liin observa- 
tion. 

The discussion which has followed Ids pnbliciition 
seems to have only strengthened the older viow, tliat tlio 
corona is a true solar appendag’o, an inten.sely liuniiioiiH 
though inconceivably attenuated cloud of gas, fog, and 
dust, surronnding the sun, formed and shaped by solar 
forces. 

The fact that comets, thoinsclves meroairj^ nothingfl, 
have several times (the lust instance was in ;I8S2) passod 
absolutely through the corona witliont oxporioncing any 
sensible disturbance of path or structure, has, howe\mr, 
been always felt by many as an almost insuperable dilli- 
culty with tliis accepted tlieory, and more than anything 
else led Professor Hastings to propose his now hypothe- 
sis. But, on careful consideration, wo shall find tliafc 
our conceptions of the possible attenuation of shining 
matter near tlio sun will bear all tho needed ‘^stretch- 
ing” without involving any absurdity. Kecalliiig tho 
phenomena of tlio electrical discharge in Oroolco.9’8 tid)e.s, 
it is clear that a “ cloud,” with perhaps only a single 
molecule to the cubic foot (but thousands of niilcrt in 
thickness), would answer every luminous condition of 
tho phenomena. And all the rifts and stroainors, ami 
all the peculiar structure and curved details of form, cry 
out ngaiii.st the diHractiou liypothcsis. 

Professor Scliaeberlo, of tlio Lick Observatory, has 
proposed a very different hypotliesis, which lio calls a 
“mechanical” tlicory of tho solar corona. As a basis 
he assumes that the eruptions from tho sun’s surface ai*o 
most active and numerous in tho spot-jsoncs, and that 
the sun rotates upon an axis inclined 821 ® to the piano 
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of tho earfcli’B orbit. Tlion, in IiIb own words, “ tlio thoo- 
ruticiii corona in (sausod hy iiglit omitted and rofloctod 
from Blroams of matter ojo(ited from the sun by forces 
which in general act along lines normal to the surface 
of tho sun, tlieso forces being most active near tlio cen- 
ter of each snn-a])ot zone.” 

Many of the ai)parcnt variations in tho typo of tho 
corona will therefore dopeml upon tho perspective un- 
der widcli those Rtrcains are seen, according to tho time 
of year; others upon the relative abundance and force 
of tho streams on diiTeront portions of tho solar surface 
according to the phase of the snn-spot period at the 
time; and oihors yot, tlio curved rays especially, are 
caused by oi>lical illusions duo to tho ajiparont crossing 
and intorhicing of stroama that lie in diileront planes. 

If wo asHumo, as Mr. ychaoliorlo docs, that the ojocted 
material which forms tho stroainors loaves tho sun with 
a velocity which may he as groat as nearly fohr hundred 
miles a second, and returns with the same velocity after 
liaving traveled as far away ns the orbits of «Tupitor and 
Saturn, it appears that the neighborhood of tho sim 
ought to 1)0 illlod witli a diiTuso shower of swiftly do- 
sconding dust, mot and pouetratod hy the more dofinito 
and concentrated ascondiiig jots! In tho interplay and 
conflict of tho rising and falling materials Mr. Schac- 
herlo thinks ho iinds the explanation of tho periodicity 
of the sun-spots, wliilo ho a< 5 CounlH for the oxiatonco of 
iho sun-spot zones hy tho manner in wliieh tho heated 
gases, rising from tho center of the cooling globe of tho 
sun, would roach tho surface and ])roduco in tho plioto- 
Bphoro zonoH of greater and lesser thickncBa — bolts of 
surface strength and woaknoss. h'or a more detailed 
aiiconnt of this theory, which has already gained pretty 
wide accoplanoo, wo must refer tho reader to its pro- 
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poBor’s original papui’s in the Lick Observatory report 
upon the eclipse of December, 1880, and in Yol. xiii 
of “Astronomy and Astro-Pliysics,” April, 1894. It 
gives, however, no intelligible account of the apparent 
spectroscopic diflerences between the chromosphere and 
corona, and the magnetic forces acting at the sun do not 
appear in it at all, 

"What may be considered as the principal rival theory 
regards the corona as very like a permanent “ aurora ” 
around tho sun, the position and direction of its stream- 
ers being determined by the sun’s magnetic held of 
force, in the same way that the tci’i'cstrial lines of 
magnetic force direct the beams of oui* own “ aurora 
borealis.” 

Professor Bigelow, of tho U. S. Signal Sorvico, lias 
recently investigatoil tho subject mathematically, and 
apparently with great success so far as concerns tho dis- 
tribution, curvature, and general appearance of tlio 
streams and filaments which compose tho corona. Ho 
finda that in the sun, as in tho earth, tho magnetic axis 
docs not coincide with the axis of rotation, tho sun’s 
north magnetic polo being distant 4^°, and tlio southern 
from tho corresponding pole of rotation. Ho finds 
that in tho corona of tlio eclipse of 1878 (tho photo- 
graphs of wliich lio was ahlo to obtain for inoasurcinent) 
the -foreo which directs the streamers appears to be ro- 
pnlsivo, and that the bases of tho individual strcamei’.s, 
not very numerous but of enormous dimensions, aro 
mainly grouped in a zone some 10° wide, with the 
greatest density about 34“ from tho coronal ])oleB, while 
their visible upper extremities are located about 600,- 
000 milos vertically above tlio sun-spot bolts. Ho adds: 
“At this place the incandescence of tho material parti- 
cles apparently ceases, and if condensation sots in thoro 
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would exist the coiKlitions reqiiii'ctl fertile precipitation 
of cool masses, whose fall upon the surface of tlic sun is 
genoralJj 8U])poK(5d to produce the spots.” He considers 
that tho “ structurolesB equatorial wing is no doubt a 
floating mass of matter eooliiig in the process of prepa- 
ration for precipitation.” For further details ^ve must 
refer the reader to Professor Bigelow’s papers in tlie 
“American Journal of f^eieuce” from 1801 to 1804. 

As to tho origin of tlio re]nilsivo Xoreo wliicli causes 
the ])rojection of the streamers from the polar “I’ogious, 
I’rofessor Bigelow does not commit himsolf, though 
evidently Iiaving in view the idea that it may Uo “elec- 
trical” in tho broad soiiso of tho word. 

Wo must not close the chapter without at least a 
reforeneo to tho beautiful cxporiincnta of Dr. l^iipin, of 
How York. Under certain conditionfl lie obtaing mag- 
nificent “coronoidal discharges” from tho Biirfncc .of 
a braids ball inclosed within a largo glass globe, from 
which the air lias been more or less perfectly oxbnnsted. 
Tho photogi'aphs are certainly very suggestive, and seem 
to show that if there are violent electric disturbances 
upon the sun — “ solar thnndorslonuH,” so to speak — 
Uioy might inductively ])roduco coronal streamers. The 
possihility, liowovor, of such thunderstorms at solar tem- 
peratures is extremely doubtful at ])reBont, and tlio sub- 
ject must bo loft for further development. 
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THE SUN'S LIQUT AND IIRAT. 

Sunlight DxprcBsecl In Oniitllc-Power, — Method of Mcnsuronicnt.- — 'Hrlglit* 
ness of the Sun’s Siivfftco, — Luiigley’a Exporlineut, — Diniiiiuthin 
of Bi'ighLnoss at Edge of the Sun’s Dish,— IlUHtiiigs’s Vlow hh Id 
Nature of the Absorbing Envelope. — Total vVnumiitof Absurpthtn by 
Sun’s Atmosphere, — Thermal, Luminous, niul Acliniu Unys ; (htili* 
Eundameiitnl Identity and Diirercncos, — Meftsurement of tUo Hmi’rt 
Radiation, — Hersehol’s Method. — Expressions for tlio Ainonnt nf 
Sun’s neat, — Pouillot’s Pyrhelioinetor.— Orovn’s, — Vtollo’s Aollnom. 
eter. — Langioy’s Itesoarchoa, — 'Absorption of Iknit liy Em til’s Aliiios* 
pherej by the Sun’s, — (iucstion as to DilVoreiicea of Tnnpiu'ntiim on 
Different Portions of Sun’s Disk. — Question an to Variation of Huii’m 
R adiation with Sun-Spot Period. — Tlio Sun’s Toinpuraturu — Aoliitil 
— Effootlve, — Views of Secuhi, Ericsson, X’oiiillot, Vlniiro, lUiHoltij 
Lo Cliatelior, and Wiison and Gray, — Sehoinor’s Spcetjoscoiiio Kvl- 
dence. — Evidence ‘from tlic Bnniing'Giass. — Langley’s Ex|K>i'linnii(i 
with theBoasomer '‘Gonvortcr.” — Permanonoy of Solar lleiit fiii'last 
Two Tliousand Yoana. — Motoorlo 'i’hcory of Ktiii’s Heal. — KidiiilioU/’n 
Contraction Theory, — Possible Past and Enin re Uu ration of llio Hnn'a 
Supply of Heat. — Siemens’s Untenable Tliooryi 

Sunlight is tho intensost mdianoo at pi'escnt known. 
It far exceeds tlio briglitness of tlio calciiiiii-light, anti 
is not rivaled oven by the most ])o\voi‘fiil electric arc. 
Either of these lights interposed bet ween the eye jfnd 
the surface of the sun appears as a black spot ujioii ilio 
disk. 

Wo can measure with some acoumoy tlm total tjuan* 
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tlfcy of minliglit, and state the amount in " candle-pow- 
er” ; tljo flgni'o wliicli expresses tlio result is, liowevor, so 
onormons that it fails to convey miicli of an idea to tho 
mind— it is 1, C 75, 000, 000, 000, 000,000, 000, 000, 000 :~lif- 
toon hundred and seveuty-fivo hil lions of billions, omi 
moratecl in tho English nianner, wliicli requires a mil- 
lion million to malco a billion ; or one octillion five hun- 
dred and sovouty-livo soj)tillion, if wo prefer the Erench 
onum oration. 

The “ candle-power,” which is the unit of light gen- 
erally employed in photometry,* is tho amount of light 
given by a sperm-candle weighing one sixtli of a i)ound, 
and burning a hundred and twenty grains an hour. 
An ordinary gas-burner, consuming Jive foot of gas 
hourly, gives, if tho gas is of standard {{iiality, from 
twelve to sixteen times ns much light. The total light 
of tho sun is therefore about equivalont to one liundred 
oilHon billion of such gas-jots, 

This statement rests mainly upon tlio. measurements 
made by Boiiguor in 1725, and Wollaston in 1799 ; since 
then, liowovor, confirmed i)y othoiy. They foiuid that 
.the sun in tiio zenith would illuminate ii white surface 
about sixty thousand times as intensely as a standard 
candle at tho distance of one metre. Allowing for ab- 
sorption of light in our atmosphere, tho figure would 
rise to about seventy thousand. As tho distanco of 
tho sun is ninoty-tliroo million miles, or very nearly a 
hundred and fihy million kiloiuctros, it follows that, 
if wo multiply 70,000 by tho square of 1 50,000, (K)0, 000 
(reducing Icilometros to metres), the product will express 

* Tlio pholoincli'io unit proposed by tlio Purls Intornnlloniil OouRress 
In 181)0 Is (mo twonticlli of ibo light omit led by n H<imiro contimotro of 
moltoii plntiiniin just solidify big. It is called tho “deolnml cnndlo,” niicl 
l8 about one nor cent, smallor tbiin the old mill. 



tliG niiinbor of candles wliudi, at the Bnn’a 
would give a light equal to timt of the sun. The mnu- 
ber comes out as stated above, though it ih umhmhl- 
edly uncertain by a considerable porooJitago. It <l(v 
pends upon old observations, which’ ought to bn n*- 
peated ; observations, also, which aro dillunilt ami 
never very satisfactory because of tho vaguenesH of 
the unit, the extreme diltorouco bctwcoii the intiumity 
of the lights compared, and, what is still inoni trcuiUlo- 
some, the diilerenco between the eolur of tlu^ huh- 
light and of candle-light. 


O-l, 



The method of making such a comparison is ilhia- 
trated by Fig. 94. A mirror, i/, throwa the rays of tlio 
sun into a darkened room upon a small Ions, the cliiiiu- 
eter of which is accurately known. This Ions brings 
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fcliG rays to n focus at after jiassing which jioiut they 
(H verge and fall upon a white screou, S, at a consider- 
able distance. Neglecting for the present the loss of 
light by rchcction at the surface of the niirj’or and 
transmission through the lenSj wo may say that the 
illumination of the screen is as many times less than 
that of full BUiiliglit as the area of tho lens Z is less than 
that of the wliolo disk of light upon tho screen. If, for 
instance, the lens is ono fourth of an inch in diamoter, 
and tho cirelo of light on tho acrcon ia ton feet across, 
then the light on the screen would bo 230,400 times 
fainter tlian sunlight. If we allow for the loss by re- 
flection and in tho lens, Lbc ratio would i3robab]y not 
be far from 300,000 to 1. Of course, these two correc- 
tions must be (and can bo) accurately determined by 
special observations for tho purj)oso. Having got tluis 
far, there are various methods of proceeding, Tho 
simploBt, and by no moans tbo least accurate, is to place 
a small rod, like a pencil, near tho screen, so that its 
shadow will bo cast by tho sunlight at a\ tho candle of 
comparison, C, is then moved back and forth until a 
position is found at which the shadow cast by its flame 
at h is equally strong with the other shadow. Then the 
relative amounts of illumination on tho screen produced 
by tho sun and hy the candle will bo as tlio squares of 
tho lines a i^and I G, There are other methods ad- 
mitting of still greater precision, but all embarrassed 
(as this is) by tho diffovenco of color botwoon sun- and 
candle-light. Tho most uncertain part of the operation 
lies, howovor, in tlio corrections for loss of light in the 
atmosphere, at tho mirror, and in tho Ions, 

Tims far we have considered only tho total light 
omitted by tho sun, Tho question of tho intrinsic 
brightness of Ids surface is a dilloront tliough connootod 
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one, clcj>oiidiiig for its sohition upon tlio same observa- 
tions, combined with a determination of the light-radi- 
ating areas in the different cases. Since a caiidlc-ilamo 
at the distance of one metro looks considerably larger 
than the disk of tho sun, it is evident that it must bo a 
good deal more than seventy thousand times loss brill- 
iant. In fact, it would have to bo at a distance of 
about 1*65 metres to cover tlio same area of tho sky as 
tlio sun does, and therefore the solar surface must ex- 
ceed by a hundred and ninety thousand times tho aver- 
age brightness of tlie candle-flame. 

In the calcium-light the luminous point is both 
mil ell more brilliant and much smaller than a candle- 
flame, so that the discrepancy is considerably loss. Ac- 
cording to certain experiments by Foucault and Fizeau 
in 1844:, the solar surface was found to be a hundred 
and forty-six times more brilliant than the incandescent 
lime. At the same time they experimented upon the 
electric arc, and found tho brightest part of this to be 
only about four times fainter than tho sun. Their ex- 
periments were, however, conducted by exposure of a 
Daguerreotype-plate to the rays to bo oompai’ed, and 
there is room for considerable doubt as to thoir accuracy. 
Dater experiments have showed in some cases a rather 
higher intensity for the brightness of the positive car- 
bon of tho electric arc (which is always much more brill- 
iant than the negative). It is assorted in a few instances 
to have reached a brilliance fully half as groat as that 
of the solar surface ; but the evidence is not entirely 
satisfactory, tlie comparisons being only indirect. The 
magnificent lights produced by the dynamo -electric 
maohines of the present day differ from that employed 
by Foucault and Fizoan, not so much in intefmty as in 
ifumUty. Tho illuminating surfaces are larger, and the 
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extent of tho arc much greater, but the brightness of 
the luiiiinona points concerned seems to remain about 
tho same, and probably depends mainly upon the phys- 
ical characteristics of tho carbon, which are essentially 
tho same in all cases. 

One of tho most interesting observations upon the 
brightness of the sun is that of Professor Langley, who, 
a few years ago (in 1878), made a careful coinparisou 
between the solar radiation and that from the blinding 
surface of tho molten metal in a Besfioinor " eonvertci*.” 
Tho brilliance of this metal is so great that the dazzling 
stream of melted iron, which, at one stage of the pro- 
ceedings, is poured in to mix with tho niolal already in 
the crncilde, “ is deep biwn by comparison, proBcnting 
a contrast lilce that of dark coffee poiired into a white 
cup.” Tho comparison was so conducted that, inten- 
tionally, every advantage was given to the metal in 
comparison with the sunlight, no allowances being made 
for tlio losses cneountorod by tho lattoi* during its pas- 
sage tlirongh tho smoky air of Pittsburg to the. reflector 
which tlirow its rays into the pliotomotrlo apparatus. 
And yet, in spite of all tins disadvantage, the sunlight 
came out jme tkomand ihre6 hitmlred times brighter 
tliaii the dazzling radiance' of tlio incandescent mo tab 

Thus far wo have spoken of the snn as a whole, hut, 
as has boon said before, there is a marked tUminntion 
of tho light at tho edges of the disk j so marked, indeed, 
that it is oxeoodingly surprising that any person should 
over have questioned tho fact, as some — Lambert, for 
instance — have done. Arago came very near it, for he 
sot the difference at only — so little as to bo hardly 
porcoptiblo. An image of tho sun a foot in diameter, 
formed by a small telescope of two iiiclios’ aperture, 
upon a white papor sorcon, shows tlio fact, however, in 
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an entirely iinqncstion{iblo niaimor. Many nuaiHuru* 
inents have been made -for tlic pnrpoao of eoiiipni'in^ 
the brightness of dilTeront parts <tf Urn diak. I’l’ofossdrri 
Pickering and Langley, in this eountry, ainl Vogid, in 
Germany, are among the most roeontand roliahhi iiiviw- 
tigatora of the subject. Professor Pickisring olTcrliMl 
his measurcinents by forming, with u small 
an image of the sun, about Hi.Ktoon iiudu's a<u*oss, iipnii a 
white screen perforated with an orilhm l.hroo fourl liH (tf 


an inch in diameter. Tlic tclcseopo was pimaal hcn’5z<ni-> 
tally, and the light directed upon it hy a mirror, miicdi uh 
ill the preceding ligu re, except that the mirror was moved 
by clock-work, so as to keep the image <*onstuntly in mtu 
place. After the rays passed llio orilico in the H<ntiun 
they wore received upon the disk of a UunHeii plio- 
tonieter, and the light compared with tliat of a Htuiidin’<l 
candle, in tho ordinary way, and thus tlio ratio w'iih 
found between the brilliauco of tho center of-llm dlnlc 


and that of other parts. Pickering malcos tho ratio 
between the intensity of tho light from tho edge and 
center to be thirty-seven 2 )Qr cent. 

^ ^ogel, in 18Y7, iirocceclod still more olahoratoly. 
His instrument, called a spectral pbotomoler, onaldufl 
him to compare with grcal accuracy, and diiiitly, tho 
rightness of tho rays of different colors procooding f I’oni 
different parts of tho sun-^tlio rod rays hy thoniHoivoa, 
and tho same with tho yollow, gvoon, blue, mid violet, 
ihe following table contains an abridgmont of his ro 
suite rnti.efatoolnrai,,hoado(Ud,isglvon tlio'distniinu 

the point from tho sun’s ooiitor in peroontsffo of Iho 

the h-!!u‘“f if*® ‘''o liotwooii 

I g|V0ii color at tho ooutor of tho disk 

and at the point m qnostion, oxprossoel also as a |ioi>- 
nentage. Tluu,, at tho voiy odgo of tho disk, at VZ 
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tnne(3 of one jwv coni, of ilto Biin’s radius from 

its Gootor, tlio violot IjaH an intoiisity of only tliiv- 
teiiii coiit. of its intoimily at tlm Gonter, and the red 
thirty juu* oont. of Mv (Huilral inloumty : 
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Wo have nildnd, in a liiHlooliinm^Hoimi of tlio roflidta 
of ProftrsHor Pickorin^^, wliloli, it will Im hoou, for Lho 
inoHt part »rn in iiuilo HivtiKfuo.lory {locovdanoo with thoso 
of Vo^ol. 

Ono thinf? is oUvinim fnnn Yn^olV tiihlo, iiiunoly, 
that tlin oolor of tlni must ho dilToront lit tlio odgo 
of lho disk from wind, it m in lho iioiitor, sinco nioro of 
Ihu violot li^ld' limn of lho rod is lost at iho limh. 

Profoswir Lunj^loy, in 1H75, in ntloni|)i;ing' lo inoae- 
uro diroolly (ho n'liilivo hri|<hlnoHH of poiiitH nour tho 
oonlor and liinh by hvinjijinpf, in a vovy inKunio«« man- 
nor, tho from Uio two poinlH (o itonfront onoh 

other on ii Ihinson (ilniUimoleiMllskj found fcliitt to ho a 
vory notieowhlu fiuM (!i<» odgo is of a wni of olioeoliito- 
lu'own and ( lie cum I or (|iiito Idiiisli, if wo (like ordinary 
Bunliglil' iiH tho Htiiiidiird of whitomms. Tim dilVoroneo 
of tint \m Kidlkdoutly (looidml to uudeo the iiioaHuroB 
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very difficult. Wo have never soon in print the romilffl 
of tliis work of his, and do not know wliothov tlnsy Iinvu 
yet been published. Vogel’s work, however, from tlie 
greater completeness of its analysis in respect lo tin* 
different colors, must tako the prccodcnco of ovorytliiiig 
hitherto done in this line. 

The cause of this enfocblemcnt of tho light near tJie 
limb of the snn is, of course, the absorption of a portion 
of the rays by the solar atinospliorc.* It heooiin'S, 
therefore, an interesting subject of inquiry, lujw njindi 
of the sunlight is thus absorbed — ^liow irincli liriglitei’ 
the sun would shine if suddenly stripped of its gaseouH 
envelopes ? 

Unfortunately, the question docs not, in tho i)reHOiit 
state of science, admit of a certain and doiinito aimwor. 
By making certain assumptions ns to tho constitution 
of the luminous surfaco and the character of tho atnnw- 
phere wo may, it is true, deduce mathematical formula 


* It has generally been consldorcd thtil tWfl abBorbliip onroloiiu muni 
be gaseous, and It lias iiminlly boon Identiflcd wi'.h tlic ao-cnlUuI rovoruluK 
layer. Professor Iluatinga, of New Haven, lm», liowovor, propoHOtl ti roiiH-. 
what different theory, viz., that tho abaorption la ])ro(lncoil l.y manor 
in a pulverulent condition, at a lower tcinporaluro than Uio plinl(m|dit*rli} 
clouds, and disaominnted through llio lower portlona of tlio Him»« trim 
atmosphere. Ho urges with force that tho absorption of gaHOH, ni ««rh n 
tompera^turo, must bo selective, producing banda niid lines in Ihu Kpcclrnm 
whdo the absorption with which wc liavo to do in ihlu cnao iu f/n,erJ 
simply weakening all the rays pretty much alike, though of conrao iilH.ol' 
mg those of short-wave length more than Ihoso of long, an provimmly 
pointed out by Langley. The substance coiicornod, ho says, must bo 
winch condenses and precipitates at a tompornlnro higher than Lliivt of 
c photosphere, so that its v«;)or would not bo prosonl to niiy iippwH. 

not be found In the solar speotrnm. He siiggosts that llio aubsiaimn In 
. or, probau, erton. tho II, . 0 . «1 tU™ l,o „.nTnI 

diffleut T ’ “‘“"eh »ince discovered by Looliyor and Howllild. ft Is 
difficult at present to dotormlno its real .Identity. 
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(of a rathor complicated cliaraeter) wliieli will reproficnt 
the observed facts 07i those assum2)tions. 

Laplace, for jiietance, assmned that each point upon 
the luminous siirfaco of the sim radiated equally in all 
directioiiSj and that its atinosphcro was homogeneous 
throughout — knowing, of course, that it could not be 
homogeneous, hut not knowing what laws of density 
and temperature would apply in tlie case, and therefore 
not being able to supply a more correct hypothesis. 
Oil these assumptions, and taking as a basis of calcula- 
tion the observations of Bouguer, wliioli in the main 
agree with the more modern ones, he found that the 
solar atmosphere must absorb about eleven twelfths of 
the whole light; in other words, that the sun, without 
its atmosphere, would bo about twelve times as bright 
as wo see it now. Secchi has also adopted his conclu- 
sion. 

His first assumption, however, is probably very far 
from true. So far as wo know, no luminous surface 
behaves as he supposes, but generally the radiations at 
an oblique iinglo arc vastly less powerful than those 
porpondiciilar to the surface. According to Lai>lace’s 
assumption, the sun, witliout its atmosphere, would be 
much brighter at the edge than at the c enter. Now, an 
incandescent sjili ore of metal, or an illuminated globe of 
white glass (like the shade of a student-lamp), ajipeai's 
sensibly of equal brightness all over, the foreshortening 
of oach square inch of surface inclined to the line of 
sight just conipousating for its diminished radiation. 
Assuming tJds law of radiation for the solar sui-face, 
and still keeping the hypothesis of a, homogoneous at- 
mosphere, Professor Piekoring shows that the observed 
darkening from the center to the edge of the sun’s disk, 
indioatod by his measures, would be accounted for pretty 



accnratelj by Biip 2 )osing this atni 08 ]i]ioro to have ft lioight 
ai)proximately equal to the sun’s radixis, and of; Hindi 
absorbent 2 )owor as to reduce the liglil by about soveuty- 
four per cent, at tlie center of tlio disk, leaving t^vonty- 
six per cent, to pass, From this it is possibles to Rllo^v 
that the '\vhole light, if there were no solar atnioHidiort^ 
would be about four and two thirds times as grout na 
now — always, bo it remembered, accepting (,ho UHSiunitr- 
tioiis. 


Vogel, assuming the same fundainontal law of radia- 
tion, finds from his observations that tho removal of tho 
solar atmosphere would increase tho brightnesH of Hh 
rod rays about 1*49 times, and of tho violet 3'01. "I'ho 
difference between this result and that of Fickoring iw 
larger than would bo exjieeted from tho goiioral noar 
accordance of the observations, but is probably princi- 
pally due to the fact that Vogel omploys a foriuulft of 
Laplaces which hujfficitly assumes tho solar at inoBphoro 
to be very thin as compared with the si^^o of tho Hun 
itself, while Pickering’s method of calculation accofitH 
no such limitation. Tliere is an important diJVoronn <5 
also between the observations of tho two investigators 
near the edge of tlie disk ! Vogel’s observations slunv ti 
much more rapid degradation of the light just there, 
and so indicate an atmosphere much denser, but of loaa 
elevation than Pickering’s. 

It is evident, however, that for tho present wo inuHt 
content oni;8elvos with the rather vague statoinont tlinl 
the removal of the sun’s atmosiihero wonlc] miiltiiily its 
rightness several times. It is almost certain tliat tlm 
amount of light received by tlie earth would bo doubled ; 

It IS hardly hkely that it would bo quintupled, I\I, pro- 
over, Its color would bo materially ebangod, and its tint 
as pointed out by Langley, would be more Uuq than 
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now. Tlie solar atmosphere reddens the trari- 

mitted fchroiigli it, in jnst the same way tliat our tiTrx*'' 
trial atmosphere does at sun sot, but to a less degna'. 

Thus far we have coiiiinod ourselves to those noH t 
tions which affect the sense of vision. But the^e my- 
do more ; if received upon a dark surface they are. .i« 
we say, “absorbed,” and the absorbing body bee«*iiir- 
warmer. Nothing in science is now much more 
tlian that these luminous radiations consist of "t‘ 

inconceivable (but measurable) frequency, wliirfi nr* 
communicated tliroiigh in terveuing space ; pulses wbh lt 
are capable not merely of affecting the visual nervr;- ».! 
sentient beings, but of producing also many other etb’< r>, 
ph^^sical, thermal, or chemical, according to the 
which receives them. The human eye, however, is very 
cimim scribed in its range of perception, taking cngui- 
zance only of such vibrations as do not exceed or fail 
short of certain limits of frequency — the slowest owilU 
tions it recognizer being those of the extreme red, whhdi 
number about three hundred and ninety millions id 
millions of vibrations in a second ; while the most rapid, 
those of the extreme violet, are nearly twice as frequent, 
making seven hundred and seventy millions of 
in tiro same time. The rays omitted by the sun are n»>t, 
however, so limited ; but the visual vibrations are acctun 
panied by others both many times more slo^v and rnoro 
rajud. There has been a prevailing idea for many yearA 
founded upon Brewster’s fallacious experiments, tha? 
thermal, luminous, and chemical rays are fuiidaineii rally 
different, tliough coexistent in the sun’s beams. Thl»( 
is erroneous. It is true, indeed, that rays whose vibra- 
tions are too slow to be seen produce powerful heating 
effects, and tliat those which are invisible because they 
are too rapid have a strong inffuence in determining 
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certain chemical and plij'sical reactions ; but it is also 
true that the visible rays are capable of producing the 
same effects to a greater or less degree, and there is 
some reason for thinking that certain animals can boo 
by rays to wliieli the human retina is iusensiblo. There 
is absolutely no philosophical basis for distinction, be- 
tween tlie visible and invisible radiations of the sun, 
except in the one point of vibration-fi’oquoncj^ — their 
pitoli^ to use tho analogy of sound. The cxpi-essions 
thermal, hnninous, and choinical rays are apt to bo mis- 
leading. All tho waves of solar radiation are carriers of 
energy, and wlion intercepted do work, pi'oducing heat, 
or vision, or chemical actioji, according to circurastancos, 

If the amount of solar light is enormous, as com- 
pared with terrestrial standards, the same thing is still 
more true of the solar heat, which admits of somewhat 
more accurate measurement, since wo are no longer 
dependent on a unit so unsatisfactory as tho candle- 
power,” and can substitute thermometers and balances 
for tho human eye. 

It is possible to intercept a beam of sunshine of 
Imown dimensions, and make it give up its radiant 
energy to a weighed mass of water or other substance, 
to measure accurately the rise of temperature produced 
in a given time, and from these data to calculate tho 
whole amount of lieat given off by tho sun in a minute 
or a day, 

Pouillet and Sir John Herschel seem to have been 
the first fairly to grasp tiic nature of the problem, and 
to investigate the subject in a rational manner, 

Hei’scbcVs experiments wore made in 1838 at the 
Capo of Grood Hope, whore he was then engaged in his 
astronomical work. He proceeded in this way: A 
small tin vessel, containing about half a pint of water. 
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oarofnlly woiglicd, was placed on a light wooden sup* 
poi’tj touching it at only three points. This was put 
inside of a considerably larger cylinder, also of tinned 
iron, this outer oylindor having a double cover with a 
hole in it, the cover large enough to shade the sides of 
the vessel, and the hole a littlo less than three inches in 
dininetor. A. delicate thermometer was immersed in 
the water, with a sort of dasher of mica for the purpose 
of stirring it and keeping the temperature uniform 
throughout the mass. The apparatus was so placed and 
adjusted that the whole of the light and heat passing 
through the hole in the cover would fall upon the sur- 
face of the water, the sun at that time (December Slat) 
being within 12° of tlie zenith at noon. 

This apparatus was placed in the sunshine and al- 
lowed to stand for ten minutes, shaded by an umbrella, 
and the slight idse in the temperatm-e of the water was 
noted. Then the umbrella was removed and the solar 
rays were allowed to fall upon the water for the same 
length of time, and the much larger rise of temperature 
was noted. Finally, the apparatus was again shaded, 
and the change for ten mimrtes again observed. The 
moan between the effects in the first- and last ten-minute 
intervals could be taken as the measure of the influence 
. of other causes besides the sun, and deducting this from 
the rise during the ten minutes’ insolation, we have the 
effect of tho simple sunshine. 

Horsdiel’s figures for his first experiment run as 

follows : 

lUso of tomperaturo in first, ten minutes 0 ^^6 

« M » “ second ten roinntca (sun) S’ SO 

« « <1 » third ten minutes , ® 

The mean of the first and third is 0-n7, and, this de- 
ducted from the second gives 3’° 73 as the rise of tern- 
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peratiire produccfl by a fiiinbcfim tliivo inclu'H In diam- 
eter, absorbed by a mass of matter e(|in valent (o Jjd.'iS 
grains of water (we do not inilieato tliu iniiiutim of tln» 
process by wliicli tlie weight of tlio tin voHHel, tlmr* 
inometei’, stirrer, etc., are allowed for). Nothing more 
is now necessary to enable ns to compnta Just how iinieh 
heat is received by the earth in a day or a year, ox<!o[>t, 
indeed, the determination of the very troubloHoiius ami 
somewhat nn certain correction for tlio al)Horptioii of 
lieat by tlie earth’s atmosphoro — a eorruotion deduced 
by means of observations made at varying lioIghtH of 
the sun above the liori/on. 


ITerseliel preferred to express his rosuitH in tonns 
of melting ice, and put it in this way ; the animiiib of 
heat received on the earth’s surface, with the huh iu 
the zenith, would melt an inch tliickness of i(ie iu two 
hours and thirteen minutes nearly. 

Since diere is every reason to boliovo that tlio riiu’h 
radiation is equal in all directions, it follows that, if the 
sun were suiToiinded by a great shell of ico, oiio iiudi 
tnek and a hundred and eighty-six million iiiiloH in 
diameter, its rays would just molt tlie whole iu the 
same time. If, now, we suppose tins shell to Bin-ink iu 
diameter, retaining, however, the same quantity of ice 
by increasing Its thickness, it would still ho m'oUod iu 
he same time. Lot the shrinkage continiio until the 
inner surface touches the photosphere, and, allowing 
for atmospheric absorption, the ico- envelope ^voiiM 
become more than a mile thick, throiigli whieJi th« 

at the rate, according to ITcrseliePs dotoriniimtionH 
of moi-e than forty feet a min, if n rr i i 
Hint ,7 Ai. • ^ ; minute. Horaoliol ooiitiinios 

at, if tins loe were fomsd into a rod 4S'a milos in 

iameter, and darted toward tlie sun wilili tlio volooit,- 
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of light, its fttlvaiiciiig point -wonk] ho molted oil as fast 
118 it approached, if by aiiy means tlio wholo of the solar 
rays could bo eoncoiitratcd on tho head. Or, to put it 
dilTorontly, if we could build up a solid coliuvm of ice 
from tho eai'th.to tho sun, nearly two miloa and a half 
ill diainotor, spanning tho inconcoivablo abyss of ninetj’- 
tlireo nhllioii miles, and if then tho sun should oonooii- 
trato liis power uiion it, it W’ould dissolve and molt, not 
in an hour, nor a ininuto, but iu a single sccoiul : ono 
swing of tho ponduluin, and it would be water; eoven 
more, and it would ho dissipated iu vapor. 

In formulating this last statement wo have, however, 
‘omployod, not llorschoVs figures, but those resulting 
from later observations, which increase the solar radia- 
tion almost fifty per cent., making the tliicknesa of the 
ico-ernst which the sun would melt oil of his own sur- 
face in a ininuto to bo lunoh nearer feet thnii forty. 

To put it n little more tcclinicallj'', expressing it in 
torma of tho moclcru sciontilic units, tho sun’s radiation 
amomita to more than 1,200,000 mlorles jier minute for 
each square metro of his surface, tho oaloi'y,'^ or lioat- 
unit, being tlio quantity of heat which wilT raise the 
tompcratiiro of a kilogramme of water ono degree con- 
tigrado. 

An easy calculation shows that, to produce this 
amount of lioat iiy combustion would require the liourly 
burning of a layer of anthraeito coal more than ninotooii 
feet (live metres) thick over the entire surface of the 
sun — nine tenth« of a ton ]mr hour on each stpiaro foot 
of surface — at least nine times as inncli as tho consmup- 

* This is the oiiKinooi's’ “ calory.” For ninny eoieiitlflc purposos llio 
“.wjrt/t mfcry,” n tlioiisand Unit's less, is more ctmvonioiuly used— vls!., 
tlio nmoimt of Iicat whlolnvlll miso llio tomporaturo of of 

water one centigrade degree. 

20 
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If WO inqiiii’O wIuU boooiiios of tliat principal portion 
of the solar heat which 'missos the planets and passes off 
into spacOj no cortain answer can bo ^iven. liomoin- 
bering, liowover, that space is full of isolated particles 
of matter (which w’O oncountor 
from tiino to time as shooting- 
stars), wo can see that nearer or 
more remotely in its course each 
solar ray is sure to roach a rest- 
ing-place. It has been suggested 
that the sun sends heat only to- 
ward its planets ; that the action 
of radiant lieat, like that of gravi- 
tation, is only between masses. 

But scientific investigation so far 
fails to prove it. The energy 
radiated from a heated globe is 
found to bo alike in all direc- 
tions, and wholly iiidopondont of 
the bodies which roceivo it, nor 
is there the slightest reason to 
suppose the sun any way differ- 
ent in this respect from every 
other incandescent mass, 

Ponillet's experiments wore 
made about tlio same timo as llorscliol’s, but with a. dif- 
ferent apparatus, though hasod on the same principles. 
Ho named lus instrument the pyrholio motor, or “ meas- 
urer of solar fife.” Pig. 95 rop resents it. The little 
smiffbox-liko vessel, J, of silver-plated copper, blaek- 
onod on the upper surface, contains a woiglmd quantity 

ouely, It la qiiito likoly tlmt etioli inftoliiiiofi will provo prncticnily useful 
In oomitrlos wlioi'o siitmhluo ean bo dopoiidcd ou tit certain aonsoiiB, ns in 
ligypt and Oalifomla. 
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If WO inquire wliiit bocomoij of UiaL principal portion 
of the solar heat which niisses the plaiiots and passes off 
into spacOj no certain answer can ho given, lleincni- 
bering, liowovor, that sj)ace is full of isolated particles 
of mattor (which we on counter 
from time to time as shooting- 
stars), we can see that nearer or 
more remotely in its ooiirso each 
solar ray is sure to I'cach a rost- 
ing-place. It has been suggested 
tliat the sun sends heat only to- 
ward its planets ; that the action 
of radiant heat, like that of gravi- 
tation, is only Ijetween masses. 

But scientific investigation so far 
fails to prove it. Tiio onergy 
radiated from a lioatcd globe is 
found to 1)0 alike in all direc- 
tions, and wliolly ihd 0 ])ondant of 
the bodies which receive it, nor 
is there the sliglitest reason to 
8U23po80 the sun any way differ- 
ent in this respect from every 
othoi’ incandescent mass. 

PouilloL’s oxporiinonta wore 
made about the same time as Il’eraohels, but with a- dif- 
ferent apparatus, though based on the same principles. 
He named his instrument the jjyrheliometcr, or “ meas- 
urer of solar Fig. 95 roprosoiits it. I'Jie littlo 

snuffbox-like vessel, (?«, 2>, of silver-plated copper, blaek- 
oned on the upper surface, contains a weighed quantity 

oMflly, It 5a qiiito Itkoly tlmt siioli inachinoa will prove pmellcnlly usoiiil 
in oountrios wliora amialiino cun bo dopondod on nt corttiiiv aoaaona, na In 
Egypt and Ontifornia. 
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of water, and a tlmvnioinGtcr is ininujrsed in it, the mer- 
cury in its stem being visible at d The disk, e, makes 
•t easy to point tlio instrument squarely to the sun, by 
directing it so that the shadow of a falls concentrically 
upon this disk. The button at the lower end is for the 
purpose of agitating the water in the vessel a, a, by sim- 
ply turning the whole thing on its axis, in the collar c, o. 
The instrument is much more convonient than Ilorschol’s 
apparatus, but hardly as accurate, except under very care- 
ful manipulation and protection from our rents of air. 



Orova has modified it by fdling tho upper vossol 
with mercury. For relative incasuvomcntB, as, for, iur 
stance, a comparison of the amounts of heat received 
from the snn at different lioui's, Orova om])loy8 a slight- 
ly differont instrmnont, represented in Fig. 90. 

Anoxceedingly sensitive aleoliol then nomotor, shown 
separately at T, with a largo bulb carefully blackened, 
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fs inclosed in a double-wall cd sj)hcro, /?, mclvol-plafced 
on tliG outside. An o])oning' in tlio walls of the 8j)liGro, 
carefully aligned with n similar opening in a double 
ficfcon, A’ allows a beam of light to fall upon the thor- 
inoinctoi’-hulb, the beam being about two thirds the 
diameter of the bnlb. The thormomotor is constrnctod 
with a supplomentary reservoir, at the lower end, b}- 
means of which the end of the indicating column can 
bo made to fall near-^tho middle of the scale at .any tem- 
perature, the object being to measure only ehamjes of 
temperature, not absolute temporaturos. The bulb .and 
tube are so j)roportioncd that a degree on the scale is 
nearly half an inch long, thus permitting great accur.acy 
of reading. In order, howoror, to determine just how 
much heat is required to raise the thormomotor of this 
instrument 1°, it is necessary to conqiaro it with one of 
the standard instruments, by exposing it to the sun at 
the same tiino. 

This method^ of procedure, by which wo determine 
the rate at which a Biinbeam of given dimensions com- 
municates heat to a measured mass of matter, is known 
as the dynmnio method. It is soinowhat inconvenient 
in requiring coiisidorahlc time and a number of readings. 

Tboro is a diftoront process for deducing tbc same 
results, which lias boon employed by Watorston, Erics- 
son, Socchi, Violle, and others, and may bo called tho 
statipal mothod. It consists essentially in observing 
how mnch the sun will raise tho tomporatnro of a body 
exposed to its rays above that of tho iuclosnro in whicli 
it is placed, this inclosnre being kept at a fixed and 
known tomporatnro by tho circulation of water, orsomo 
such means, Instruments based on this princijilo are 
called aothwimiepH. Of those, probably tho most com- 
ploto in its aiTangcmonts is that of Viollo, doscribod in 
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Ilia paper upon tlic moan temperature of tho Bun’s sur- 
face, published in tho “ Annalos do Oliimie,” in 187Y. 
Wo give a diagram of tho instrument. It consists of 
two concentric spheres of tliiii metal, the outer twenty*- 
threo centimetres in diameter, tho inner fifteen centi- 
metres. The outer is polished on the outside; the 


rio. 9T. 



inner is blaehened on tho inside. The space between 
the two sjihores is filled with water, whieli is kepi at a 
uniform tomperatnro either by mixing snow or ice vdth 
it, or else by a current circulated through it by means 
of tho stopcocks t. A sonsitive thormoinoter, T, lias 
its blnokenod bulb placed in the center of the iiino*' 
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Bpliero, tlio stem reaching outside throiigh a tubulijro 
provided for the puipose. Two opposite openings, 
shown ill the figure, allow a beam of sunlight to iiass 
through the globes. A perforated soroon at D limits 
its diameter, so that none of it shall touch the walls 
of the vessel, though the tliorinometor-bulb is entirely 
covered by it, A small screen at M Jillows the observer 
to see the shadow of the therinomctor-bulb, and so to 
perceive whether the tube through which the light 
enters is properly directed. If the apparatus is mount- 
ed upon what is called an equatorial stand, like a tele- 
scope, and provided, with clock-work, the whole labor 
of observation will consist merely in reading the ther- 
mometer. The difieronco between its temperature and 
that of the water in the surrounding shell gives the 
necessary data for calculating the intensity of the solar 
radiation at the time of reading, since the heat received 
by the thermometer from the sun and shell together 
must just equal that radiated back by the thormomotor- 
bnlb to the shell, after allowing for tho orifices. 

Viollo found that at noon on a fair day tho ther- 
mometer of this apimratus generally stood, when ex- 
posed to the sun, from tO’D° to ■J2'6® centigrade (i. o,, 
18‘9° to 22*6° Fahr.) above the tcmporatiiro of tlio shell 
when the latter was filled with ice-water. If it was 
filled with boiling water, ns in some of his experiments, 
tho dilleronco became loss by about 1° centigrade. 

Tho rosulls obtained with instruments of this class, 
of course, agree very closely with those reached by tho 
dynamic method. 

Instead of stating how much ice would ho melted 
in a minute by a given sunbeam, wo may give tbo num- 
ber of calories received in one minute by a square metro 
of surface exposed porpondienlarly to tho sun’s rays at 
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tho uppei’ surfaeo of tho alinottplicro. Thin iiumlioit*, 
whicli may be taken as Iho meaS\jro of Llu^ siiriV nulia- 
tion, is called “ W«/’ mi and, luaan'dinp: l.n 

diflereiit exponnicntcrs, ranges fmui Poiiillet’K oHlinuilo, 
lY'G, to that of Langley, wliuL is ilO’f), tlu^ lutesl and 
most reliable. Forbes found 2S’2, and (Jrovii and Violin, 
at a later date^ 23'2 and 25*4 respectively, fn the pre- 
ceding editions of this book it ’was taken at 25, hut 
there is now no question that Langley’s result should ho 
substituted, since ho lias discovered an iinjK)rtunt error 
in the work of his predecessors, and by Ids luborioUK 
course of “ boloniotrie” ohservntion.4 (to be diseiissed a 
little later) has supplied tho data for the necessary cor- 
rection. 

Instead of stating tho solar constant as thirty rny/- 
neering calorics per stiuaro metre per ndiiul;(^ soiiu} 
prefer to state it as three small calories per stpuire ecu- 
timetre per minute, which comes to tho Baiue thing: 
the unit of boat is a thousand times smaller, and the 
unit of surface ton thousand dm os loss than In lli(‘ flrat 
statement. Professor Langley himself ])roterH this lat- 
ter form. Those who insist on oxpi'ORsing nil seieiilille 
measures in tho so-eallod “0. G. S. system,” ghuj the 
solar constant as 0*05 small calories per square eordi- 
metre per second^ which, of course, is oquivaUmt to 
cither of the other forms. 

It is not yet by any means certain that this “sohu* 
constant” is really constant: indeed, it is quite oortuiu 
that it is not strictly so — that tho amount of heat radi- 
ated by the sun must vary more or loss with tho ohangae 
which wo know to occur upon its surfaeo; nt tho same 
time there is no reason to suppose that tho variations arc 
veiy great. It is, however, one of tho most important 
and difReult problems of solar physics now jioiiding to 
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clotoi’inino tlio tictuiil (itnouut of tlioso vflpriationSj &nd to 
ascertain tho laws that govern them. 

By far tlio most diflicnlt part of the oxperiinontal 
problem of tho solar constant lies in tho determination 
of tho large and troublesome corrections to he applied 
on account of the absorption of the earth’s atmosphere. 
It would take us too far to discuss tho forinnlm and meth- 
ods of calculation which have been proposed. They are 
necessarily very complicated (those, at any rate, which 
are tolerably accurate in their results), because they have 
to take into account the meteorological conditions, espe- 
cially tho hygronietric state of the air. Besides this, 
tho absorption varies greatly for radiations of different 
pitch, so that the violet rays, which are photographically 
tho most active, suffer more than the green and yellow, 
which arc most effective in the growth of plants ; and 
those more than tho red; and the red, in their turn, 
much more than tho low-pitched, slowly vibrating waves 
which, though invisible, are still powerful carriers of 
energy. 

Hpoaking loosely, it may bo estimated that, at tho 
sca-lovol, in fair weather, neither excessively moi.st nor 
dry, about thirty per cent, of the solar radiation is 
absorbed when tho sun is at the zenith, and at least 
aovonty-fivo per cent, at tho horizon. Of the x’ays 
striking tho upper surface of tho atmosphere, between 
forty-live and fifty per cent., therefore, are generally 
intercepted in tho air, oven when there are no clouds. 

Of course, it does not follow that the heat absorbed 
in our atmosphere is lost to tho earth. Far from it: 
tho air itself becomes warmed and, communicates its 
lioat to tbo oarth ; and, since the atmosphere intercepts 
a largo proportion of tbo heat which tho earth would 
radiate into space if not thus blanketed, the temperatnro 


298 


THE SUN. 


of the eartli is kept much higher than it would ho if 
there were no air. 

The earlier investigators sought to (lotoriuino the 
amount of the necessary correction for (liiB atino8})liori(! 
absorption “ in the gross,” so to H})eHlfet Tluit is, they 
ascertained by their ox])criinonts the whole amount (*f 
heat received from the sun at difl’orent apparent elevU' 
tions, when its rays had to penetrate diJl’eront tlii(*k- 
nesses of air; and from these results they attempted to 
deduce the ’amount of heat that would have been re- 
ceived if no air had intorvoned. In making the ealc.u- 
lation they employed a well-known formula which giv(is 
with practical correctness, for a hoiiKujmmus ray (all of 
one wave-length) of light or licat, tho amount trans- 
mitted through any given thickness of an absorhing 
medium when wo have once for all determined tho per- 
centage transmitted throngli a stratum of tho medium 
one unit thick. This percentage is called “ tlio coelll- 
cient of transmission,” and can bo found by moasnring 
tho amount of this homogeneous light or heat trans- 
mitted through any two strata that dilfor considorably 
in thickness. 

Now the experimenters know perfectly well that 
the radiant heat they wore dealing with was not homo- 
geneous, hut composed of rays of widely diHoronfc wavo- 
lengtli : they supposed, liowcvor, that by treating Ihe 
matter as they did they would got a sort of nvorago 

coofhcient of transmission which would bo nrnoticailv 
correct. 

In this they wore greatly mistaken. Professor Lang- 
ley was the first to point out the error, to show that its 
correction would largely inoreaso the ostinmto of the 
solar constant, and to invent tho apparatus and make 
e observations necessary to bring out tho truth, Ho 
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Baw that it was indisponsahle to doterniiiio the atmos- 
phorio cooflicient of transmission soparatet)' for each of 
a multitude of rays of diilorent wave-length distributed 
all along the spectrum — the invisible portions as well as 
the visible — and to detorniino also for each ray its pro- 
portion contributed to the total amount of sunlight 
energy. For this purpose ho was obliged to devise a 
heat-measurer far more delicate than any before in use, 
and with it to explore the spectrum from end to end, 
both from stations near the level of the sea and from 
the top of a lofty mountain (Mount Whitney, 15,000 
feet high). 

The new heat-measurer, which ho called the “ bolom- 
eter,” depends upon the principle, long known and 
previously applied by Jamin and others, that the clec- 
trioal resistance of a metal is increased by warming it. 
The sensitive “ nerve,” if wo may call it so, is a little 
strip of iron or palladium about a third of ari inch long, 
hy wide, and •nrivir thick. This is balanced against 
a similar strip placed near the first, but soroonod from 
tlio heat rays to bo measured. 

The two strips form tho so-called “ arms” of an elec- 
tric balance, and are connected with a dcliciato gal- 
vanometer, tho index of which (a spot of light) moves 
whenever there is any dilToronco of tompcratiird bo- 
twoon thorn. Tho instrument with whi(di Jjangloy lias 
lately been making his wonderful map of tho invisible 
regions of tho spectrum, indicates distinctly one mil- 
lionth of a centigrade dogroo. 

Tho strips are mounted in a little lubo of hard rub- 
ber, BO as to 1)0 carefully protected from all outsido 
iniluoncos, oxoopt that a narrow slit in front of tho 
“ nervo ” loavos it free to receive tho rays to bo ob- 
served, 
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The bolometer is used in connection with tv largo, 
spectroscope, taking the place of the oyopioec ; in tins 
“ spectro-boloinetc]’,” as Langley calls the combination,, 
the prism, if one is used, must 1)G of rock-salt, the only, 
substance, so far as known, which freely tranHiiuts tins 
invisible rays of the heat speetj-um. The Icnsee of tho 
spectroscope are also of tho same matei’ial. 

For some purposes a grating can bo used, but usually' 
its spectrum is too feeble. 

Tlie liglit is brought to tho collimator slit by a mir 
ror, and as the grating or prism is turned tho siJOCtrnm 


Fio. 08 . 
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tiaverhes the bolometer slit, and tho galvanomotoi* index 
by its motion indicates the dark lines and bright inter* 
spaces as they pass it in procession. 
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Fig. 98 roproscnts one Xorm of the instrnmeiit. The 
rays ‘arrive tlirongh the lens L, pass through the prism 
P, and are then reflected back from the mirror M to 
the bolometer at P; from which the wires go to the 
galvanometer and to tlio battery which furnishes the 
current. 

Until quite recently the galvanometer readings had 
to be made by the eye and the records by hand, an ex- 
ceedingly tedious business, but very lately the apparatus 
has been made automatic. The galvanometer index (a 
spot of light) falls upon a sensitive plate which is car- 
ried along in precise correspon donee with the motion of 
the grating or prism. The result is an irregular curve 
on the developed plate, in which dark lines of the spec- 
trum arc represented by notches. 

In this way work that would have taken months by 
the old methods can be done in a single afternoon, By 
a simple process, ako automatic, the curve can bo trans- 
formed into a picture of the spectrum showing its dark 
lines and other clmractoristics just as docs a ])hotograph. 

In i89‘l: Langley published the map of the invisible 
spectrum, which we give ns Fig. 99. The reader will 



THR InKIU-KkI) Sl'KOTUUM — LANOI,Mr. 


notice how very short is the visible portion of the spec- 
trum, as compared with the extensive range of rays of 
longer wavo-longtli. The amount of energy, however, 
contained in the portion of the spectrum below (to the 
right of) the point marked 3 is extremely small, though 
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still sensible to n, point bir boyoiul fclio luriit of the fig- 
ure. To a certain extent some of the salient ]>cenluu’i- 
tics of the upper part of this invisible speetruirij ns far 
as X on the map, liad been brought to light by oarlior 
investigators, especially Bccfpiorol, La man shy, and Ab- 
ney, the last of whom even succoeded in pbotograpliing 
a part of it. But Langley was the first to give ua any- 
thing that could bo called a map ; and in some portions 
his large-scalo map, which we can not well ro]u’ochtco 
here, is already fairly comparable in detail and accuracy 
witli Kircliho'S’s map of the visible spcctruui. 

Experiments with the thermopile show that tho heat 
radiated by the solar disk varies, like the light, very 
considerably from the center to tho edges. Tho first 
observations of this kind were made by Professor Honry 
at Princeton in ISdtS, and have since been repeated by 
many otliers, Secchi and Langley especially. Accord- 
ing to Langley, tlie heat emitted from a point about 20^ 
fro)n the limb is only one hall that from tho same extent 
of surface at the center of the disk. 
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More recently Frost at Potsdam and AVilson at 
Daramona have reinvestigated the subject a little more 
fully, and in the preceding table we give their results 
as well as Langley’s, 

If wo comparo this table with that given on 
281, which gives the variation of luminosity from cen- 
ter to edge of the solar disk, it is at once evident, as 
Langley was the first to point out, in 1875, that the 
absorption is, to a certain extent, selective, the short 
waves of the solar radiation being more afiected than 
the long. Besides this regular variation of the radiation 
from center to edge, Secchi, in 1852, found, or thought 
ho found, a notable difference between the radiation 
from the 0 (|uator of the sun and that from the higher 
latitudes, the difference being at least one sixteenth 
between the equator and latitude 30°. The northern 
homisjihoro ho also found to bo a little hotter than the 
smi thorn. Later investigators (Langley especially) have 
failed to find any such difference ; and on the whole it 
seems probable tliat Secchi was mistaken, though this 
is not cor tain, as it would be quite unsafe to assert that 
the actual condition of the sun’s surface may not have 
changed between 1852 and 1876. 

In connection with the absorption of the solar at- 
inosphoro, Langley has ventured some interesting specu- 
lations. After showing that variations in the number 
and magnitude of snn-spots can not direGihj produce 
any sensible effect upon terrestrial temperatures, he 
culls attention to the fact that even slight changes in 
the depth and density of tho sun’s absorbing layer would 
make a groat difforonco; and ho raises the qtiestion 
whothor wo may not find Imre the explanation of glacial 
and carhoniforous periods in tho earth’s history. It is 
quite certain that, wore the envelope removed, the solar 
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radiation would lie about doubled, mid perhaps inoroasod 
in a much higher I’atio, while any considerable inoreaso 
of its thiokiiess would so diminish our heabsiipply as 
to give ns perpetual winter. 

As yet our means of observation have not suflicod 
to detect with certainty any variations in tho amount of 
heat emitted by the sun at different times. That there 
are such variations is almost certain, since tlio nuclei of 
sun-spots radiate much less heat, as well as light» than 
neighboring regions of the solar surface, and tho faculos 
more : this has been directly determined with the ther- 
mopile. 

Some very ingenious instruments have of late years 
been devised and constructed by tho younger Angstrom 
for the purpose of recording automatically tho inten- 
sity of solar radiation during an entire day, and sum- 
ming up the total amount— a process which, if carried 
out every clear day for several years at some suitablo 
station, ought, after a thorough discussion, to furnish 
interesting data as to the thermal activity of tho sun. 
TJie difficulties, however, depending on tho continual 
variations in the meteorological conditions aro onor- 
mous; the truly solar variations seem to bo utterly 
masked and overpowered by those that originate in our 
own atmosphere. 

As was said in the chapter upon tho sun-spots, wo 
are as yet entirely uncertain whetlier, at the time of a 
sun-spot maximum, the solar radiation is more or less 
powerful than the average. 

There has been a great deal of pretty vigorous dis- 
cii^ion as to the temperature of tho sun, and that tho 
subject is a difficult one is evident enough from tho 
wide discrepancy between tho estimates of tho highest 
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authorities. For instance, 8ecchi originally contended 
for a toinperatnre of about 18,000,000° Fahr. (though 
lie afterward lowered his estimate to about 250,000°) ; 
Ericsson jnits the iiguro at 4,000,000° or 5,000,000°; 
Zollner, Spoerer, and Ijauo name temperatures ranging 
from 50,000° to 100,000° Fahr., wliile Pouillct, Yicaire, 
and Devillo have put it as low as between 3,000° and 
10,000° Fahr. 

The diilieulty is twofold. In the first place, the sun 
can not properly bo said to have a temperature any 
more than the earth’s atmosphere can. The tempera- 
ture of diiloront portions of the solar envelope must 
vary enormously, increasing fast as wo descend below 
or ascoiKl above tho surface. . There may be a differ- 
ence of thousands of degrees between the temperatures 
of the chromosphere and of tho photosphere ; and still 
other thousands between that of the photosphere and 
tho dojjths beneath. 

Wo may, however, partially evade this diflSculty by 
substituting as the object of inquiry the sun’s 
temperature — ^i. o., instead of scclcing to ascertain tho 
actual temperature of diiferout parts of the sun’s sur- 
face, wo may impiiro what temperature would have to 
bo given to a uniform surface of standard radiating 
power (a surface oovorod with lampblack is generally 
taken as this standard), and of the same size as the sun, 
in ordoi* that it might omit as much heat as the sun 
actually does. In this way we obtain a perfectly defi- 
nite object of investigation. But the problem still re- 
mains very difllcult, and has obtained as yet no entirely 
satisfactory solution. Tho difiiculty lies in our ignore 
anco as to tho laws which connect tho tompornture of a 
surface with tho amount of heat radiated per second. 
So long as tho tomporatui’o of tho radiating body does 
21 
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not greatly oxeocd that of muToimding spnco, Iho lu'ftt 
omitted is very nearly ])roj)ortional to tlio oxi'.iiHx of 
temperature. The extremely high values of IIkj Holar 
temperature asserted by Scochi and Kriessou {lopoiuJ 
upon the assumption of this law (known as .Nowton’n) 
of proportionality between the heat I’udiated and tlai 
temperature of tlio radiating mass— a law wlii<di diroet 
experiment proves to bo untrue as soon as the toiiipera- 
turo rises a little. In reality, the amount of hen I i*a<Uy 
atod increases much faster than the tomperaturo. 

More than, fifty years ago the Ifronch pliyHidsts, 
Dulong and Petit, by a series of elaborate oxporiiuotilri, 
deduced an empirical formula, wliich answered j>ruLty 
satisfactorily for temperatures up to a dull-red heat. 
By applying this formula, Ponillot, Yioairo, and ollujra 
arrived at tlio low solar toinporatnrcs assigned by llioin. 
It is, however, evidently unsafe to ajiply a purely inu- 
pirical formula to circumstances bo far outside the range 
of the observations upon wluoh it was founded, nnd, in 
fact, within a few years sovornl oxporimontora, lioaolU 
especially, have sliown that it needs modiftcntioii, ovtm 
in the investigation of artificial tomporaturos Hko llmt 
of the oleotrio are. Eosetti, from his obsorvatioiifi, lm« 
deduced a different law of radiation, and by its appli- 
cation finds 10,000® Oont., or 18,000® Fahr., as the 
Ime of tlio sun — a result which, all tilings 

considered, seems to tho wi'itcr moro ronsonablo and hot- 
ter founded than any of tho earlier estimates. lioKolii 
considers that this k also pretty nearly tho actual toiri- 
porature of the upper layers of tho pliotosphoro. Tho 
radiating power of the photosphoric clouds, to bo Buro, 
can hardly bo as great as that of lampblack ; but, on tho 
• other hand, their radiation is aupplomontod by that of 
other layers, both above and below. 



THE SUN’S LIGHT AND HEAT. 


307 


Still more recently (in 1892) Lo Olmtolior Iins de- 
dnced an ojffectivo temperature of 7,000° Cent, (or about 
13,700 Fahr.) by a study of the intensity of certain red 
rays of the sun compared with the intensity of the same 
rays in the radiations of certain bodies heated to lumi- 
nosity. 

Still later Wilson and Gray, by a very elaborate in- 
vestigation, which, on the wliole, seems entitled Lo take 
the precedence over all competitors so far, have obtained 
as a result 8,000° * Gent., or 11-, 100° Fahr. Their aj^pa- 
ratus and methods were dift'orent fi*om any previously 
employed : as a measurer of the radiatioi\ they used the 
“ radio-micrometer ” of Boys, which combines thermo- 
pile and galvanometer in one, and imssibly surpasses in 
sensitiveness oven the “bolometer” of Langley, For 
the determination of temperatures, by which to inter- 
pret the radiation measures, they used a modified form 
of Joly’s moldomoter, in which a strip of platinum is 
raised to any desired tomperature short of molting by 
a current from a storage battery or dynamo. The ap- 
paratus utilizes the inventions and resources of the new- 
est scientific art, and would have been impossible a 
dozen years ago. 

It is worth noting that their observations disprove 
Dulong and Potit’s law of radiation, and seem to con- 
firm the much simpler one proposed by Stephan of 
Vienna, and theoretically deduced by Boltzmann as a 
consequence of the electro-magnetic theory of light. 
The formula is simply this, B = a x T* : in which Ti is 
the intensity of tho radiation in miiis of energy^ is a 
constant coofiiciont, depending on tho nature of tho body 

* Tho lilghoBt nrlinoial tomporntnrofl arc nuppoBcd to fall short of 
2,600* Oont. PoBHlbly this flgiu’o may now bo oxcoeded in aomo of ilio 
olcolrio furimcos. 
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and units of energy and toinporatiiro employed, wliile 
T is the temperature of the body above the absoluto 
zero, and is equal to tlic centigrade temperature with 
273° added. 

If the effective temperature of the sun wore doubled 
we should receive sixteen times as much heat, and ten 
thousand times as much if its temperaturo wore in* 
creased only ten times. 

Scheiner, of Potsdam, has shown spectroscopically 
that the temperature of the sun’s I'ovorsing layer is al- 
most certainly intermediate between that of tlio electrics 
arc and the much higher temperaturo of the J'joydcn-jav 
spark. In the spectrum of magnesium there are two 
lines at X 4,482 and X 4,362 which are strikingly con- 
trasted in behavior. The former is strong in the spark- 
spectrum but hardly visible in that of the arc, wliilo with 
4,352 the reverse is true ; and Scheiner shows tlmt tlio 
diffej-ence depends upon temperaturo. Now in the solai'- 
spectriim 4,352 is a conspicuous dark lino, and the other 
is missing ; whence the inference that tlio magnofiiuin 
vapor in the reversing layer is about ns hot as the oloctrio 
arc, and the photosphere below, of course, still hotter. 

Besides the data as to the intensity of the solar 
temperature obtained by the methods above mentioned, 
we have also diroot evidence of a very impressive sort, 
When heat is concentrated by a burning-glass, the tem- 
perature at the focus can not riso above that of the 
source of heat, the effect of the lens being simjily to 
move the object at the focus virtually toward the sun ; 
so that, if we neglect the loss of boat by transmission 
through the glass, the temperaturo at the focus should 
be the same as thflt of a point placed at sucli a distanoo 
from the sun that the solar disk would seem just as 
large as the lens itself viewed from its own focus. 
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The moat powerful lens yot constniotcd thus virtu- 
ally transports an object at its focus to within about 
two hundred and fifty thousand miles of the sun’s sur- 
face, and in this locus the most refractory substances — 
platinum, fire-clay, the diamond itself — are either in- 
stantly melted or dissipated in vapor. There can be no 
doubt that, if the sun were to come as near ub as the 
moon, the solid earth would melt lihe wax, 

"VYo have spolcen, a few pages bach, of Professor 
Langley’s experimental comparison between the brill- 
iance of the solar surface and that of the metal in a 
P essoin er convertor. At the same time he made meas- 
urom Gilts of the heat by means of a thermopile, and 
foniid the heat radiation of the solar surface to be 7nore 
ihmi oighty-soven times as intense as that from the siir- 
faco of the molten niotal. It will be recalled, that the 
experiment only Bets a lower limit to the solar radiation, 
so tliat it is altogether probable that, wore .all the neces- 
sary corrections determined and applied, the ratio would 
ho increased from eighty -seven to at least a hundred, 
and perhaps to a luiudrcd and fifty, Ericsson, in 1873, 
nnido a soinowhat similar comparison in a different and 
exceedingly ingenious manner. He floated a eulori me- 
ter containing about ten pounds of water upon the sur- 
face of a large mass of molten, iron, by means of a raft 
of fire-brick. The calorimeter was raised .a little above 
the surface, and the water contained was kept in circu- 
lation by suitable mechanism. He found that the radia- 
tion of the metal was a trifle over two liundind and fifty 
oalories per minute for each square foot of surface. 
This is equivalent to twenty-seven hundred and ninety 
(inlorios to the square metro, and is only of the sun’s 
omission, Ho estimated the temperature of tbe metal 
at 8,000® ‘Pahr„ or 1,638® Cent. Professor Langley, in 
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hiB experiment, estimated the tomiDoraturo of the Bes- 
semer metal ranch higher — ^superior, in fact, to the tem- 
perature of melting platinum, which is usually consid- 
ered to be about 2,000° Cent. He bases this conclusion 
upon the fact that platinum wire, stretched above the 
mouth of the coiivertei*, or dipped into the issuing 
stream, was immediately molted. Since, however, iron 
and its vai)or attack platinum much in the same way as 
mercury and its vapor attack gold, there may bo some 
doubt as to the correctness of his estimate. The same 
conclusions as to the intensity of the solar temperature 
follow from investigations by Soret and others as to 
the penetrating power of the sun’s rays, and from a 
comparison with artificial sources of heat in resi)cct to 
the relative proportion of the rays of different wave- 
lengths in the total radiation. A body of low tempera- 
ture emits an enormous proportion of slow-swinging, 
invisible vibrations, while, as the temperature rises, the 
shorter waves become proportionally more and more 
abundant. i Thus, in the composition of a body’s radia- 
tion, we get some clew to its temperature. Hitherto 
all such tests concur in putting the sun’s temperature 
Iiigh above that of any known terrestrial flame. 

And now we come to questions like these t How is 
such a heat maintained? How long has it lasted al- 
ready? How long will it continue? Are there any 
signs of either increase or diminution? — questions to 
which, in the present state of scienco, only somewhat 
vague and unsatisfactory replies are possible. 

As to progressive changes in the amount of the solar 
heat it can be said, however, that there is no evidence 
of anything of the sort since the beginning of authentic 
records. There have been no such changes in the dis- 
tribution of plants and animals within the last two thow 
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sand years, as must have occurred if there had been, 
within this period, any apprcciahlo alteration in tlie 
heat received from tlie sun. So far as can be made 
out, with few and slight exceptions, the vine and olive 
grow just where they did in classic days, and the same 
is true of the cereals and the forest-trees. In the re- 
moter past there have been undoubtedly groat changes 
in the earth’s temperature, evidenced by geological 
I’ocords — carboniferous e^^ochs, when the temperature 
was tropical in almost arctic latitudes, and glacial pe> 
riods, when our now temperate zones wore incased in 
sheets of solid ice, as northern Greenland is at present. 
Even as to these changes, however, it is not yet certain 
whether they are to ho traced to variations in the amount 
of heat omittod by the sun, or to changes in the earth 
herself, or in her orbit. So far as obsorvatiou goes, we 
can only say that the outpouring of tho solar heat, amaz- 
ing as it is, appears to have gone on unchanged through 
all tho conturies of human history. 

What, then, maintains tho 'fire ? It is quite certain, 
in tho iirst place, that it is not a caso of mere combus- 
tion, As has boon said, only a few pages hack, it has 
been shown that, ovon if tho sun were mado of solid 
coal, hnrning in pure oxygen, it could only last about 
six thousand years : it would have been nearly one third 
consumed since tho beginning of tho Christian ora, 
l^or oan tho source of its heat lie simply in tho cooling 
of its incan descent mass. Hugo as it is, its tomperaturo 
must have fallen more than perceptibly within a thoir- 
sand years if this worp tho case. 

Many different theories have boon proposed, two of 
which now chiofly occupy tho field. Ono of them finds 
tho chief source of tho solar heat in tho impact of 
motoorio matter, tho other in tho slow contraction of tlio 
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Bun, As to the iirstj it is quite certain that a ])nrt of 
the solar heat is in-oducod in lliat way ; but the (|iK*Bfcion 
is whether the supply of incteoriu iniitter in suldeient 
to account for any great proportion of iho whole. Ah 
to the aecond, on the other hand, there is no (pictHtion 
as to the adequacy of tlio hypotliosie to account for tlie 
whole supply of solar heat ; hut there is as yet no diroet 
evidence whatever that the sun is really slirinking. 

The basis of the meteoric tlieory is simply thm ; If 
a moving body bo stopped, citlior suddenly or gradinilly, 
a quantity of heat is generated whieh may bo oxpreHHe<l, 

in calories, by the formula in which m is tho innBfl 

OjOQO 

of the body, in kilogrammes, and Its vehnuty, in me- 
tres per second. A body Avoighing 8,330 kilogram nios, 
and moving one metro per second, would, if sto^jped, 
develop just one calory of heat — i, o., enough to lie at 
one kilogramme of water from freozing-point to 1° 
Cent. If it were moving hvo hundred metros per 
second (about the speed of a cannon-ball), it Avonld pro- 
duce two hundred and fifty tiiousand times as innoli 
heat, or enough to raise the temperature of a nmns of 
water equal to itself about 30° Gent. If it wore mov- 
ing, not five hundred metros per second, but about so von 
lumdred thousand (appro xi in atoly tho velocity with 
Avhicli a body would fall into tho sun from any plaiiofc 
ary distance), the heat produced would be 1,400 x 1,400, 
or nearly two million, times as great — ^sufficient to brirq-; 
a mass of matter many thousand times greater than itself 
to most vivid incandescence, and immensoly inoi'o tluiii 
could be produced by its complete combustion under 
any conceivable circumstances. Lord Kelvin (formerly 
Sir William Thomson) has calcnlatod tho amount of 
heat which would bo produced by each of the planets 
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in falling into tlio sun from its present orbit. The re* 
suits arc as follows, the heat produced being expressed 
by the number of years and days through which it 
would maintain the sun^s present expenditure of en- 


ergy : 

lloroiiry 
Venus . 
Eartli.. 
ltni'8. . . 
Jupltoi'. 
Saturn, 
UrniiUH. 
Noptuuo, 


Yonrs, Daya. 


6 210 
SB 320 
06 19 
12 260 
32,26d 
0,062 
1,010 
1,800 


Total 


46,001 


That is, the collapse of all the planets upon the sun 
would generate suflicient heat to maintain its supply for 
nearly forty-six thousand years. A quantity of matter 
equal to only about one one-hundredth of the mass of 
the earth, Calling annually upon the solar surface, would, 
therefore, maintain its radiation indefinitely. Of course, 
this increase of tho sun would cause an acceloratiou of 
the motion of all tho planets — a shortening of their 
periods, Since, however, the mass of tho sun is three 
hundred and thirty thousand times that of tho earth, 
tho yearly addition would be only one thirty-three-mill- 
ionth of tho whole, and it would require centuries to 
make tho effect sensible. Tho only question, then, is, 
whether any such quantity of matter can be su])p 08 ed 
to roach tho sun. While it is impossible to deny this 
dogmatically, it, on tho whole, seems improbable, for 
astronomical reasons. In the first place, if meteoric 
matter is so abundant, tho earth ought to encounter 
much more of it than she does ; enough, in fact, to 
raise her temperature above tliat of boiling water. 
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Then, again, if so lai’go a quuntitiy of nuU-tor nntiually 
falls upon tlio solar surface, it is lUJcossary to suppo.at 
a vastly greater fpiantity circulating urouml tho sun 
between it and tho planet Moi’(iUry. Thu procoss by 
which tho orbit of a nioteorio btuly is so ijliang(j(l iih 
to make it enter tho solar atmosphere is a very slow 
one, so that only a very small projxn’tion of tho whole 
could bo caught in any given year. !Now, if there were 
near tho sun any considerable (jutuUity of nudeorie 
matter — anything like tho mass of tho earth, for in- 
stance — it ought to produco a very ohsorvahlo olTocb 
upon tho motions of tho planet Moi'eiiry, an oifoet not 
yet detected.* For this reason astrmioniera generally, 
while conceding that a portion, and possibly a consider- 
ablo fraction, of tho solar heat may ho accounted for hy 
this hypothesis, are disposed to look further for their 
explanation of tho pi’incii)al rovonuo of solar onorgy. 
They find it in tho probable slow contraction of tiuj 
sun’s diamdtor, and the gradual liquefaction and solidi- 
fication of the gaseous mass, Tlio saino total amount 
of heat is produced Avhon a body moves against a resist- 
anco wliieh brings it to rest gradually as if It had fallen 
through the same distance freoly and boon suddoiily 
stopped. If, then, tho sun does contract, boat is nooes’ 
sarily produced by tho process, and that in enormous 
quantity, since tho attracting force at tlio solar surface 
is more than twenty-seven times as groat as gi*avity at 
tho surface of tho eartli, and tho oontracfcirig mass is so 
immense. 

* Lcvorriorconskloi'cd tlmt ho hnd dotoolod In UlomqllonK of Moroury 
an irrognlai'ity of tho kind liwUoatod, but muoh smatlor, It wiia niioh 
according to hia oaloulatlona, no would bo Aoconnlod for by tho notion of 
ono or several planets whoso aggrogato nmns should bo muoli loss ihnn 
that of the oarth. This was tho basis on which ho founded his strong 
boHof in tho oxlstonoo of tho liitra-Morourlnl planet Vuloan, 
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In this process of contraction, each particle at the 
surface moves inward by an amount ecpial to the whole 
diminution of the solar radius, while a par tide below 
the surface moves less, and under a diminished gravh 
tating force ; bub every particle in the whole mass of 
the sun, excepting only that at the exact center of the 
globe, contributes something to the evolution of heat. 
To calculate the precise amount of heat developed, it 
would be necessary to know the law of increase of the 
sun’s density from the surface to the center 5 but Ttclm- 
holtz, who first suggested the hypothesis, in 1353, has 
shown that, under the most unfavorable suppositions, a 
contraction * in the sun’s diameter of about three hun- 
dred feet a year — a mile in a little more than sevonteon 
years — would account for its whole annual heat-emis- 
sion. This contraction is so slow that it would be quite 
imperceptible to observation. It would require seven 
thousand years to reduce the diameter a single scconcl of 
arc, and nothing less would bo certainly detectable. 

Of eourso, if the contraction is more rapid than this, 
the moan temperature of the sun must bo actually rising, 
notwithstanding the amount of heat it is losing. Obser- 
vation alone can determine whether this is so or not. 

If the sun wore wholly gasoons, wo could assort 
positively that it must bo growing hotter ; for it is a 
most curious (and at first sight paradoxical) fact, first 
pointed out by Lane in 1870, that the tcmpcratiiro of 
a gaseous body continually rises as it contracts from 
loss of boat. Hy losing heat it contracts, but the heat 
generated by the contraction is more tlian suniciont to 
keep the tomporatnro from falling. A gasoons mass 
losing heat by radiation must, thorofore, at the same 

* Thoflo flgni’08 Imvo boon altoi'od to covrcHpond >vHh Lwigloy's voluo 
of tlio Bolav oonstant, 
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time grow botli ainnllGi' ninl liottor. until tJio (bnitilty 
becomos bo grout lliat tlio ordinary Ijiwk of gaHOonn ox* 
pansion roach tlioir limit and coinloiiHalion intcf^tnn 
liquid form bcgiiiB. Tlio ann Hoonia to bavo arrived 
at this point, if indcod it woro ovor wholly gaHooiiH, 
which is questionable. At any rate, so far as wo onn 
now make out, tho oxlorior portion o., tho phojo* 
sphero— appears to be a aholl of (doinly matter, pnmip- 
itated from the vaporH which malfo up tlio priiudjial 
mass, and tho progressive contraction, if it ih indeed a 
fact, must result in a conlinnal thickening of tins wholl 
and tho increase of tho clouddiko portion of tho Hcilnr 
mass. 

This change from tho gasooua to tho liquid foimi 
must also bo aecompanied by tho liborntion of an on<jr- 
mous quantity of heat, sufliciont to inatovially diminish 
tho amount of contraction needed to maintain tho solar 
radiation. 

Evidently if this theory of tho eniireo of tho solar 
heat is correct, it follows that in time it must eouio l<i 
an end ; and looking backward wo sco that there mnat 
also hnvo boon a lioginning. Timo 'vas when thoro wuh 
no such solar heat as now, and tlio timo must oomo wUon 
it will ccaBo. 

We do not know enough about tho amount of Bolid 
and liquid matter at present in tlio sun, or of tho mitiii'O 
of this matter, to calcnlnto tho fntui’o duration of tUo 
sun with groat exactness, though an approximate osti- 
mate can he made. Tho ^u’ohlom is a little oomplioatod, 
even on the simplest hypothesis of purely guflooua con- 
traction, beoausG as tho eun shrinks tho forco of gravity 
increases, and tho amount of contraction nocossnry to 
generate a given amount of heat bocomoa loss and loflfl \ 
. but this difficulty is easily mot by a sklllfnl raathoma* 
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tician. According to Nowcoinl), if the sun maintain b 
its present radiation it Avill liave slirunk to half its pres- 
ent diameter in about tivo million years at tUo long- 
est. ' As it must, when redxiced to this sisie, he eight 
times as dense as now, it ean hardly then eontiuue to 
bo mainly gaseous, and its temperature imist have begun 
to fall. Newcomb’s conclusion, therefore, is that it is 
hardly likely that the sun can continue to give sufficient 
heat to support life on the earth (such life as we now 
are accpiainted with, at least) for ten million years from 
the present time. 

It is possible to compute the past of the solar his- 
tory upon this hypothesis somewhat more definitely 
than the future. The present rate of contractiou being 
known, and the law of variation, it becomes a pxirely 
mathematical problem to compute the dimensions of 
the sun at any date in tlio past, supposing its heat-radi- 
ation to have remained nn changed, Indeed, it is not 
even necessary to know anything more than the present 
amount of radiation, and the mass of tlie sun, to com- 
pute how long the solar fire can have been maintained, 
at its present intensity, by the process of condensation. 
No eonclnsion of geometry is more certain than that 
the contraction of the sun from a diameter oven many 
times larger than that of Neptune’s orbit to its present 
dimensions, if such a contraction has actually taken 
place, has furnished about eighteen million times as 
much heat as the sun now supplies in a year ; and there- 
fore that the sun can not have hcon emitting heat at 
the present rate for more than that length of tiine, if its 
heat has really been gejieratcd in this manner. If it 
could bo shown that the sun has hcon shining as now for 
a longer time than that, tlio theory would bo refuted; 
out if tlie hypothesis bo true, as it probably is in the 
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main, we are inexorably sliiifc up to the conclusion that 
the total life of the solar system, from its birth to its 
death, is included in some such space of time as thirty 
million years. No reasonable allowances for the fall of 
meteoric matter, based on what wo are now able to ob- 
serve, or for the development of heat by liquefaction, 
solidification, and chemical combination of dissociated 
vapors, could raise it to sixty million. 

At the same time, it is obviously impossible to assort 
that there has been no catastrophe in the jjast — no col- 
lision with some wandering star, endued, as Oroll has 
supposed, like some of those we know of now in the 
heavens, with a velocity far sui’passing that to bo ac- 
quired by a fall oven from infinity, producing a shock 
which might in a few hours, or moments even, restore 
the wasted energy of ages. Neither is it wholly safe to 
assume that there may not be ways, of which we yet 
have no conception, by which the energy apparently 
lost in space may bo returned, at least in part, and so 
the evil day of the sun’s extinction may be long post- 
poned. 

In 1882 Dr. 0, W. Siemens, of London, proposed a 
new theory of the solar energy much in this line, and 
tho scientific eminence of its author secured it most re- 
spectful consideration and discussion. Although it was 
soon abandoned as untenable, on account of want of 
evidence as to some of its fundamental assumptions, 
and fatal objections to it from astronomical consider- 
ations, it is so suggestive and instructive that we have 
concluded to retain the statement and discussion of it 
that was given in a supplementary note to the second 
edition of this book a dozen years ago. 

“The fundamental conditions” of Dr. Siemens’s 
theory are the following, in his own words } 
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“ 1. That aqueous vapor and oarhon ootnpoundB are proaont 
in stellar and intorplnnotary space. 

"2, That those gnsoous oompounds are onpablo of being duso- 
dated (decomposed into their olomonta) by radiant solar energy 
while in a stato of extreme attenuation. 

“ 3, That those dissooiated vapors are capable of being com- 
pressed into the solar atmosphere by a process of in ter change 
with an equal amotint of roassooiatod vapors, the interchange 
being effected by tlie centrifugal aetiou of the sun itself,” 

Granting those conditions, he argues that the solar 
boat is produced by the recombination of the elemental 
gases contained in a current which is continually drawn 
in upon the region of the sun^s poles ; this current ho- 
ing produced by the rotation of the sun, which acts like 
a gigantic fan-wheel, throwing olf the adherent gases 
at its ecpiator, and thus continually removing the prod- 
ucts of the combustion, and redistributing thorn through 
space. 

Moreover — and this is the point of the theory upon 
which he puts special emphasis — ho teaches that these 
compound gases resulting from the combustion intor- 
CG))t the solar bent not received by the planets (heat 
which, from the linman point of view, would otherwise 
be wasted}^ and utilize it in their own decomposition ; 
thus the solar fire is made to prepare its own fuel from 
tho ashes of its own furnace, and an explanation is found 
for its enduring constancy. 

While, for reasons soon to be stated, wo can not ac- 
cept this theory, it may bo said, in tho first place, that 
there is nothing absurd in it. It is not to be put into 
tho category of the speculations which explain gravita- 
tion and tho planetary motions by electric vortices, or 
any similar nonsense. / 

If space is filled with composite vapors, and ip rays 
of light and heat can decompose them again into their 
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elements, then, to soiuo extent, the tlujory not only 
be but wiwsiJ be ti*uo. A hot revolving gbilie, iimvlii*!; 
ill a sjiace iilleil with sucli vapors, niUKt neei'.sHiirily pro" 
iluec siieli cni’i'cnts as ])r. Sionu’im indicates, and niii^l 
maintain a continual lire upon its siirfuco: tlio (piestinii 
would only bo how great and liow hot a (ire. 

Now, as to Dr. Siemens’s fuiuhiniontal hypotheses. 
Probably no one will care to deny the possible existenre 
of gaseous matter in space, though it seems much 
more probable that what matter is scattorod about be- 
tween the planets is mostly in the form of liltlo solid 
grains, such as we see from time to time in si too ting-slurs. 

But an interjilanetary atinospliuro of any siuisihle 
density is, wo think, irroconcilahlo with tho olmcrved 
motions of planets, and especially of eoinets. I)r. Mio- 
niena suggests of the density of tho tuirth’s atmos- 
phoro as a possible maximum, witbont indicating wliul 
tlie miuijmim might he. But, in order to supply the 
requisite amount of material to keep up the sun’s heui, 
the density of the interjilanolary atinospbore wmild 
have to bo somcwbcrc from to of the den- 

sity of the air at tlio earth’s surface.’’^ 


*In an article, contained In (ho " NlitclooiUli Ooiaur^-" for Ajtill, 
1882, Or. RicmeiiH, meeting ttomo ohjeotiona ilitu had hocii uindo to Ills 
(Iicory, shows that a current of mingled giiHott, foiitalidiig live per eeiil. 
of imuombiued hyd-ogen and inarsh-gua, and iilnciy-(|vo per cejjt. of oxy 
gen, nitrogen, and neutral gas, would by Its eouilniHtlon nceoiml for |]ki 
whole supply of solar heat, if at the sun’s mirfaco (ho doliHity w.-ro Il.ti 
same as that of the eartlVa atmosphere, and tho velocity n hundred foul 
per second. Taking this estimate, and nssumlng that tho Itiriishlng ciir- 
ront continues to ho percoptlblo at a ilistnneo even so great ns llfty mill- 
ons of miles, and that Up filnmenls move lownvd the sun in converging 
lines, we find that tho inlorplanctavy alinosplmre niiisl there have a d(fii. 
Bity of nhout of tho air at the ennh’s anrfncn If we suiiposc the 
indraught to vanish at a loss dlatanco from tho suti, the density must bo 
greater, ' 
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Now ri>siMhiii('(5 of an utmosphoro, of ovon Uio 
ui(0»ti(»u('(l, Would lio vory HoriouH ujmii bcxlica 
iuovii!|j; Irom lil|;y (,o ,,no liniHirod tinio« I'asku’ than 
(‘iiuuoii-lmlls, and llio clTwit oonld not fail to ho foU in 
a nnihidonildo rotardatiou and a oonfiouuuni shorton- 

(d' llnm- poriodH. Ho far hh oan bo jiid^a*d from 
(ho ol)S(!i‘vod lioluivior of fhioku’ti oomot, tho density 
ol (hi! inti'i’iilaiiolivry modi mu (laii not well oxoeod 
a5o.noo.(,,')o..ton,naft’ I'Ihj ciartli’s atmoHi)lu!i'o. (fcjGO 
1 1 uric I kWh din((u union of tlio Hubjoot in tho Washington 
iiHlrononiioal ohsorvatioim for 1870.) 

Sioincnn indood romarlcH that, ‘^aasnniing I, hat tho 
inaitor lilling sjmoo in an alinoat ])0rfoot ilnid not lim- 
it otl by 1 m in lor Kurraeon, it can bo shown that tho retar- 
dation liy I not ion tli rough aueb an attinuuitod medium 
would ho very ali gilt indeed, oven at planetary veloci- 
ties.’’ ihit., MO fill* as experiments go, tho rarefaction of 
a gaa dooM not tend to hrhig it more nearly to tho con- 
dition of a pei'fec.t Ilnid ; on the other liand, it seems 
to approach ratlini* to the condition of a congeries of 
niiunte iiadatod jasllets Hying through space: witness 
(he pile non 10 1 la of the radiometer and Crookes’s tnhos. 

Another, and it seems to ns quite as serious an ob- 
je(Uion to the theory, liea in tho fact that it limits tho 
teiiip(*ratnri' id' the solar surface to that eor responding 
to (he di SHIM 011(1011 point of tho gaseous compounds 
there furnu'd ; and this dissociiatioii jioint for the hydro- 
eurhoiiH and tho vapor of water, oven granting a con- 
sidenihle pressuro at tho solar surface, is nut above 
tl,(l()(l” to 8,000° Ihihi'., which is iniicli below tho tem- 
) tend urn of tho mm’s surface indicated by all tho most 
recent deteriniiuitions. 

FiU'thcrmoro, if tho alisorpthm of radiant energy' 
within the limits of tho solar system really amounts to 
aa 
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anything sonfliblc, iijo fitarn (Might (o hn (juito iiivimlihs 
or at any rate no hunt hIkhiIiI nHU'h um Trom fliciu. 

As to tho choiuKial iissumption tliat tlm liydroi-ai lMiii 
compounds when grt'atly mroli(((l can hii dissotnaliKl hy 
the action oi; tho sun’s rays, wo bolitaui tliat. no ovi- 
donee 1ms boon found of sndi an oll’iiot. 

And yet ono almost regrots dial, dm l.lnumy can not 
be accepted, for it would romov(j some very soriniiH dlT- 
licnlties that now embarrass dm problem of dm (!volu> 
tion of our plaimtary system, Tlieueeiipfed (amli’iieLitni 
theory of Hohnlioltz certainly appears to allow too lillln 
time for tlio sun’s lifetime of radiant aclivlty to l)e eoii' 
sistent with a roasonaljle oxplanatioTi of the process by 
which tho prosont state of things has (aiiim ulmiil. 

While wo have meiitionod only three theories of tlm 
solar heat, tho reader will understand that a mnldtinlD 
have been proposed and rojeelod, so mo as alisurd iniil 
others as inado(jnat(i. To tlm former c-lass helong tho 
speculations of those who liken tho sun to tlm armaluru 
of a dynamo or the whirling plate of an “ Inllueime ma- 
chine,’’ forgetting that in botli tlioHu cases tlm (inergy 
radiated as light and boat must bo derived ultiniiitely 
from the sun’s energy of rotation; and a sini])le cidciii- 
lation shows that tliis energy of rotation is not siilH- 
ciont to mamtani tho radiation for oven ouo himclrud 
and fifty years. 

Ihoso theories, on tho other hand, that ROok to no- 
count for the solar heat ns tho Rimplo cooling of an 
incandescent body, like a red-hot hall of rnotal, or hy 
die “combustion” of eolar material, in tlio chomiotil 
sense of the word, or hy tlio siinplo ConclonBation of 
vapors into clouds and tlm liberation of tho so-oallocl 
latent heat of vaporissatiun^-dioso all, like Ui© motoorio 
theory, are utterly inadequate. 
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aVMMART OF FAOTS^ AND DISOUSSION OF THE CONSTITUTION 
OF THE BUN. 

Table of Nximovlcal Data. — Constitution of Sun’s Nucleus. Peculiar 

Properties of Gases under Iligli Toraporaturo and Pressure.— Char- 
actoidetio Dlfforcncoa bctxvcen a Liquid and a Gas. — Constitution of 
tho Fhotosphoro and Higher Hogions of the Sun’s Atmosphere.— 
Professor Hastings’s Theory.— Pending Problems of Solar Physios. 

It iiia;y bo well to collect into a brief snmraary tlie 
principal facts and conclxisions of tho preceding pages, 
presontiug them in a single comprehensive view. We 
give first, tboroforo, a table of the statistics of the sun 
— tho facts vvhicli can be stated in numbers : 

Solnr ixtrnllnx (equatorial horizontal), 8 ’80" ± 0’02" 

Monn cli stance of tho sun from tho eartli, 92,885,000 miles; 

140.480.000 kilomotroB. 

Variation, of the di stance of tho sun from tlio earth between Jami* 
ary and Juno, 8,100,000 miles; 4,950,000 kilometres. 

Lineal^ value of 1" on tho sun’s surface, 460 '3 miles ; 724* Y kilo- 
raotrea. 

Moan lingular somidlnmctor of tho sun, 16' 02*0" ± 1*0". 

Sun’s linear dlnmotor, 866,400 miles ; 1,894,800 kilometres. (This 
may, perhaps, ho mriaUo to tho extent of several hundred 
milos.) 

Hatio of tho sun’s diameter to the earth’s, 109*6. 

SurfuQo of the sun oompnvod with the earth, 11,940. 

Vnlnino, or ciildo contents, of tlio sun oompavod with the earth, 
1,801), 000. 

Mass, or quantity of matter, of the sun oompared with the earth, 

881.000 ± 1,000. 

!&[oan (lonslty of tlio sun oompared with the earth, 0’268. 

Moat) donsUy of tho sun oompared with water, 1*406. 
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Foroo of /gravity on tlio huh’h Hiirfnou with Dint oii llio 

oiirLli, UT’O, 

DiHtanooa body would full in oiiomwond, -1 M‘ l fui'l ; Ibb'b lUulit'H. 
JiUJliiiftLion of Uio aiin’H iixia to tho o(i]i|iti(', T‘ lb'. ] 

LoiiffitiHlo of it« aHconding nodo, Vd'’. I ^^invj'inntun) 

J)ivto wlion ilio Huu ia at llio iiodu, .luno -l-fi. 1 
iloiin tiiuo of the hiiii’h rotulloii, dnj’H, J 
Tuno of rotutbui of tlio suii’h oqnaliir, iib diiyu. 

Tiinu of rotation at latitiido 20", 2b'7r) duyH. 

Tiiiio of rotation at latitnclo tto", 2l)’b diiyu. 

I'inio of rotation at la ti tittle dri", 27 'b day a. 

(TlioHii laal four miitdtoi’H arc Honiowliivt dotiblfnl, (In' rornintm 
of various imtIiorltioH givini? i'cmiUh dillbritig by Hnvoral InairH in 
HOIMO oasoH..) 

Linear voltifl] by of tlio min'n rotation at Ida oijnator, 1'2()1 iiiIU'h 
por Hoonnd ; 0'O2H IdlotnolroH per aooond. 

Total (iiianlity of Hiinlii^ltt, l,f»7fi,(U)(),0(n),0l)(Mt(>(b0Ud,O()fi,(l(Ht,()0() 
oaiidloB. 

Inlonaity of tlio sunlij^hb at tlio ftnrl'aoo of tbo huh, timua 

tlmt of aoniullo-flatno; (),tiO(t tliiioa that of iiiolal in a IlnKmunor 
coiivoi'tor; IdC llmoa tliat of ti (laleiumdlght; il‘'J tinu'a that 
of an ol 00 trio aro. 

BriKlifcnoss of a point on tbo Him’a limb oompurod with I hull of n 
point near tbo oontor of tbo dlflk, 2(5 por (an it. 

Heat rocoived por niinuto from tlio huh niion a Kipiaro nii'tro, por- 
pojidloularly oxpoaod to tbo solar radiation, at tbo n|ipor wnr* 
faco of tbo oavth’s atmosphoro {thomlav eomtaut)^ ltd onlorloH. 
llont-rndiatlon at tlio aurfaco of tbo snii, poi' Hijiiaro iiiotro por 
ininnto, J,UdO,000 cnlorio.s. 

'I’liioknoas of a sboll of loo wliioli would bo moltod from the anr- 
faoo of tlio Hun por miimto, f5fi’2 foot; or 17’7 iiiotroH. 
Meobanloal coni valent of tbo solar radiation at tbo huii'h Hiirfado, 
oontbiiionsly noting, 181,000 borso power por aipiaro niotro; 
or 12,000 (nonrly) por square foot. 

Effootivo tompornturo of tlio solar sniTaoo, about 10,000“ Oonk,, 
or 18, 000“ Fnlir, (aooordlng to Kosottl); about 8,000“ Ooiit., 
or 14,400“ Fahr. (aooording to Wilson and Gray). 

Of eoiirso, it liarclly ncod bo vopoated lioro tlmt tho 
flguvofl rolating to tbo light and heat of tlio sim aro 
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miicli less reliable tlian those which refer to its distance, 
diiTiensioiiP, mass, and attracting ]:)ower. 

Fig. 100 is iiitondod to present to the eye, more 
clearly than any mere description, the constitution of 
the snn, atul the relation of the different concentric 
shells or envelopes ns conceived liy the writer. 

The picture is an ideal section through the center. 
The hliiok flisk represents the inner nucleus, wliich is 
not accessible to observation, its nature and constitution 
being a mere matter of inference. The white ring eiir- 
rounding it is the photosphere, or shell of incandoscent 
cloud whieh forms the visible surface. The depth, or 
thickness, of this shell is quite iniknown ; it may be 
many times thickor than represented, or possibly some* 
what thinner. Kor is it certain whether it is separated 
from the inner core by a definite surface, or whether, 
on the other liaiid, there is no distinct boundary between 
them. 

The outer surface of the photosphere, however, is 
certainly pretty sharply dofined, though very irregular, 
rising at points into facnlce, and depressed at others in 
spots, as sliown in the figure, 

Iinmediatoly above this lies the so-called “ revei’sing 
stratum,” in which the Fraunhofer lines originate. It 
is to bo noted, however, that the gases which compose 
this Btratuni do not merely overlie the photosphere, but 
they also fill the interspaces between the photospherio 
cloncls, forming the atmosphere in which they float, 
and an attempt has been made to indicate this fact in 
the diagram. (Sec page 326.) 

Above the “ reversing stratum ” lies the scarlet 
chromospliore, with prominences of various forms and 
dimonsious rising high above the solar surface ; and 
over, and embracing all, is the ooronal atmosphere and 
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tlie iiiysterions I'fidiaiice of clouds, rifts, and streamer a, 
fading, gradually into the outer darkness. 

At tlie couter of the sun the earth is reprosonted in 
its true relative dimensions — of the three indies 


Fia, 100. 



which is taken as the scale of the sun’s diameter. This 
scale reduces our globe to a little dot only of an inch 
across. Around it, at its .proper distance, is drawn the 
orbit of the moon, still far within the photosphere, tho 
moon herself being fairly represented by any one of 
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rtio miniito points which make np the dotted line that 
indicates her path. 

1 he central nucleus is made bl.ick in the picture, 
siinpl)' for couvonienco, and not with any purpose to 
indi{?ato that the matter Aviiicii coinposcs it is cooler or 
eveir less hrillumtly luminous than the photosphere. It 
in fpiile prohahle, indeed, that this central core (which 
contains certainly more than nine tenths of the whole 
mass of the sun) is purely f^aseous, and it is of course 
true that, at a (jheyi tcinperaturo and j)ressu 7 ’c^ a gaseous 
mass has a lower radiating power, and is less luminoufe, 
than a mass of clouds, such as those wliich constitute 
the photosphere. Ihit, on the other hand, both com- 
pression and increase of temperature rapidly raise the 
radiating power of a gas ; and it is highly probable that, 
at no vei’y considerable depth, the growing pressure and 
heat may more than ecjualizo matters, and render the 
central nucleus as intensely bright as the surface of the 
sun itself. 

At the upjicr surface of the photosphere, however, 
and all through it, indeed, the uncondeused gases are 
dark as compared with the droplets and crystals which 
make np tho photosphoric clouds. Hero the pressure 
and temperature are lowered, so that tho vapors give 
out no longer a continnons hut a bright-line spectrum, 
whenever wo get a chance to see them, against a non- 
Inniinons background ; and, when tho intenser light from 
tho lirpiid and solid particles of tho photosphere shines 
through these vapors, they roh it of the corresponding 
rays, and produce for ns tho familiar dark-lined spee- 
triiin of ordinary sunlight. 

It is, j)orhap8, hardly necessary to state again the 
reasons for believing tho groat body of the sun to be 
gaseous j tho argument depends upon the enormous 
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heat at the surface, which keeps the solar atmoffl^lioro 
charged with the vapors of our faiinhar metals, and tUe 
fact^that the mean density of the sun is so low (only 
ono and one fourth times that of water), that it is quilo 
impossible that any of the substances whicli we liavo 
reason to believe to exist in the sun conhl have tUo 
solid, or even the liquid, form through any conshlorablo 
portion of its mass. That is to say, if any largo tn’c)l>oi’- 
tion of the whole were composed of solid or liquid ii’Oti, 
titanium, magnesium, etc., the density would ho tar 
gi'oater than it really is; and, since the temperature, at 
the surface even, whore there is fi'oe radiation and ex- 
posure to the cold of space, is so high as to keep fcliose 
bodies in the state of vapor, it is not likely tlint, at 
greater deptlis, it is low enough to thermit their litxuc- 
factioii or solidification. 

And yet tlie tlicory that tliey are in a gaseous fltato 
is not free from difficulties. A few years ago it would 
have been urged with great plausibility that, under the 
enormous pressure due to the weight of tlio suporin- 
cumhent mass acted upon by the solar gravity — nearly 
twenty-eight times that of the earth, it is to bo roitiem- 
bered — any gas whatever must bo liquefied at no very 
great depth below the surface. 

Even on the earth, for example, the density of the 
air decreases one half for every three and a half miles 
of elevation, and it ought to increase in a similar pro- 
portion for every three and a half miles of descent be- 
low the sea-level, if wo drop for a moment considerations 
relative to temperature. Since water is about seven 
hundred and seventy times as heavy as the air at the 
earth’s surface, it follows, therefore, that at the bottom 
of a shaft thirty-five miles deep the air would be more 
dense than water, if of the same temperature as at 
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tlio surface; and, before a doptli of fifty miles were 
readied, it would become denser than gold, unlesB it 
had first liqueiied, and so become less compressible* 
If wo take account of the slight decrease of tlie force of 
gravity as we go below the earth’s surface, and as-sumc 
that the temperature increases, oven at the rate of lOO*^ 
Fall!', for each mile of descent, the results will bo inodi- 
lied, but not materially changed in character. It would 
merely bo necessary to go some ten miles deeper to 
reach the same result, 

Now, at the sun, where the action of gravity is so 
much more intense, it is evident that, unless the tern- 
2')eraturG rises very rapidly l)dow the surjaee^ or unless 
licpief action sitpeiwenes, the density of gases iimst in> 
ci'case so fast that the mean density of the mass — if the 
sun bo really gaseous — must be vastly greator than that 
of any known metal. 

But lif|nef action, as wo now know, can not take 
place nndor the eireumstances. The researches of An- 
drews and his suecessoi's have sliown that to liquefy 
a gas two things must go togoUior — iuci’easo of pressure 
and diminution of temperature. For eadi gas there is 
a so-called ‘‘critical temperature,” and, so long as the 
temperature docs not fall below this point, uo pressure 
■whatever can reduce the gas to the liquid form. When 
the teinpevatiiro has fallen below it, then pressure alone 
will produce the desired ofl’cet, and, if the temperature is 
very low, only a slight degree of pressure will ho needed. 
Now on, or in, the sun the tomperaturo can not bo 
supposed to bo below the “critical points” of several 
of the gases found tliero, and hence, as has been said, 
their liquefaction is out of the qiiostion. Those, thoro- 
foro, who are unwilling to admit a suflicicnt inereaso of 
tomperaturo with increasing depth below the solar sur- 
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fnco, Imvo boon dittpoBcd to bold tluiL Ibo ('{Oil.riil pur 
tioBs of tbo nun iiro not oonipowod, lo any u.Kl tnil, 
of tho Bamo olcmontH wbbdi tlu? wpool i’nn(io[io ivvoiiIh I:b 
ns in tho Bohu* iifcinoBp}u3Vo, but of Komu diJlVmut iiu 
known solid or li(piid Hubstiuua!, of I'i^blil'y uiiil 
low density. With (liis Wow, gcnoi’aily, uIhii ^ooh (lio 
belief that tho evolution of solar bout is {(SHontiiiily n 
snrfncG-iietion, prodnood, by some unoxplinnod jh'ihm-ms, 
only wboro tbu exterior of tbu solar orb (’n(‘.onM((M’s open 
spaco, and not of nocesHity iniplyiiif^ any ^n-eiit heal, In 
tbo inner depths. The older olmervers, espoeiully llie 
IIorBcliols, for tbo most part bold iheorioH (ssHendnlly 
like that skotebed above. The older lleiwbel, it n Ml 
be roinomborod, ovon contended i)i’etty vi^roronsly I lint; 
tho central globo of tho snn is a liu))itiil)le world, slieb 
tered from tbo blazing i)botos])lu're by a layer of enni, 
non-luininmis clouds. And hi more recent timoH lvireli> 
boff and Zollnor have maintained that the JuntiinMiH 
sniAiee is eitlicr liquid or solid. 

While it is, perhaps, not possible to demonsti'iito at 
present tho falsity of tliis theory, by provijig that llm 
solar nn cions is neither solid nor liquid, ai\d showing 
tlmt tho solar heat is not confined to the surface, but 
permeates the whole mass witli continually incrcaBing 
intensity near tho center of tho globe, it is yet evident 
enough that it moots tho oxigonoios of tlie case only by 
calling in unknown and imaginary substances and op- 
erations. On tho other liand, tho gaseous theory, wliiiili 
is now gonorally adopted, involves no nmy kinds of mat- 
tor or nnknoivn forces, but concoivos of solar pbonoin 
cna as entirely the samo in kind as those wo are famil- 
iar with in our laboratories, though iminonsoly clilforunfc 
in degree and intonsity. 

If wo only grant that the tomporatiu’o rises rapidly 
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onougli from tlio Biirfac^o downward tln’ongli tlio Rolar 
globe, the whole dillieuliy as to the density of sncli a 
gaseous sphere vanishes. It is true that, on this view, 
tlio central temperature must be tremendous, even in 
comparison with that of the jdtotosphere. Hut why 
not? Can any reason be assigned to the contrary? If 
we could suppose the sun wholly made of liydrogon, 
and that the ordinary relations deduced by our labora- 
tory experiments hold between the pressure and tom- 
peraturo through all possible ranges of both, it would 
then be a comparatively simple matter to compute tlie 
least central temperature wliich would give the solar 
globe its present density. If, howevoi’, Ave remember 
that other materials, and in uuknoAvn proportions, cuter 
into the problem, and that in all probability our labora- 
tory-work gives only approximate fornmlro, it is clear 
that such a computation would bo usoloss. We must 
content ourselves for tbo present Avitb vague expres- 
sions, and say roughly that the intensity of the suids 
internal heat must as much exceed that of tho photo- 
sphero as this Burj[)asHos the mere animal Avarmth of a 
living liody. 

Ih it Avhilo, on the AAdiole, it tims seems probable that 
tho sun’s core is gaseous, nothing could bo remoter from 
tho truth than to imagine that a mass of gas, under 
such conditions of tomporature and pressure, Avould re- 
semble our air in its obvious characteristics. It Avould 
no denser than water ; and sinde, as Maxwell and others 
have sboAvn, tbo viscosity of a gas increases fast Aviib 
rising temperature, it is prolmblo that it Avould resist 
motion something like a mass of pitch or putty. 

One might, then, naturally enough ask, why a sub- 
stance so Avidoly different from gases as avo know them 
by experionco, and so ranch resembling what Ave are 
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acmistomed to call the semifluids, should not ho classed 
with fcliem rather than with the gases. The I'opl/j of 
course, is, that although tlie substance thus boars a 
superhcial likeness to the soinifluids, its ossonfclal char* 
acteristics are still those of a gas, viz., contimiona ox])an- 
sion under diuiinishiug pressure witlioiifc tho formation 
of a free surface of equilibrium ; continuous oxpaimion 
under increasing temperature without tho attain ni out of 
a boiling-point ; and, in tho case of a mixturo of dif- 
ferent gases, a uniform diffusion of each, according to 
Dalton’s law, without regard to speeiflo gravity. 

Perhaps a little fuller cxjflanation may bo allowed on 
these points, which are often misunderstood. Kuj)poao 
a mass of licpiid to bo eontained in a close vessel, which 
it just fills, and compressed by some enormous forco ; 
now let the vessel groAv gradually larger, thus relieving 
the pressure. The liquid will expand, at first hooping 
the vessel full ; but at last, even if beat bo siijiplied to 
pi event the temperature from falling, a timo will como 
when the liquid will no longer fill tho vessel, but an 
empty space will be left above a woll-dofinod “ f reo env- 
face^ of equilibrium a space empty, that is, of tlio 
liquid, but of course occupied by its vapor. Kow, if 
we take a similar vessel filled with a compressed gas, 
le density of whicli ma}^ on account of tho pressure, 
at first oven exceed that of the liquid in tho caso just 
cited, and allow the vessel to expand in the manner do- 
scribed, af the same time supplying heat enougli to Iceon 
tho tonipemtin'o from falling, the gas will novor eoaso 
to hi pe whole vessel, nor will it over form a froe sni- 
face hko the hqmd, however far tho enlai'gemont of tho 
Vessel may be earned, 

'' “y>™der with a weighted piston, 
ttmg It and movmg freely in it, and, after filling the 
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spjKio l)olow tlio pifstoii with a ]i(i\n(l, a})ply boat to it, 
wo hIiiiH iiud Unit at lii'Ht Uio tuiiipemUm) will rise I’ciru- 
loi'ly, and tho lidpiid, uxjiaiulinp; slightly ns it warms, 
will pusli tho piston hoforo it. Hut, wlum a oortiiin 
tomporuturo, doponding upon tho iiatmui oP tho lifpiid 
and tho prossuro oxortud hy tho ])iston, has boon roiuilicid, 
tho li(juid will coaae to grow hottor hy tho fiirtlutr ap« 
plioation of boat, and will l)(*gin to boil ; and llio lihor- 
atod vapor will raiBo I ho piston and 0{!0U])y tho othorwiH <5 
vacant apa('o abovo tho surfacso of tho li<piid. If, how- 
ovor, tho spaco originally below iho ])iston wore o(;cnpiod 
by a gas, howovor doiiHo, no sucli .thing would happen. 
Tho gas, on tho application of boat, would j’jho in toin- 
poraturo, and expand regularly without discontinuity or 
limit. 

Finally, as to tlio third criterion which marhs tho 
differonco hotwoon liquids and gusus. In a mixluro of 
li(pudB oP diil'oront spocifio gravities, tho diiToront mate- 
rials Boparato and arrange thomsclvos in strata, according 
to their woightH, uiiloHs they have somo chomical action 
on each other — for oxampio, (ptichsilvor, water, and oil. 
Iliit a mixturo of sovoval gnscjs, diiforing howovor widuly 
in flpociiie gravity — for oxam])lo, hydrogen, oxygon, and 
carbon dioxide — ^])ohavoB in no Hutih way : undoi' all con- 
ditions of lomporaturo and pressure each gas distributes 
itself tlirougli Lho wholo spacio, procisedy as if tlio otiiors 
wero not prosont, only move slowly than if it w<u’o alono. 

Althougli it may not bo possible, In tlio presont slato 
of scionco, to domonstrato that tho principal portion of 
tho solar mass In gaaoous, this inucli can at least ho said — 
that a gloho of incimdoscont gas, under conditions such 
as have boon iiitimatod, would nocossarily prosont just 
such phenomona ns tho sun oxhibits. 

On tho outer surface, exposed to tho cold of space, 
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the rapid radiation would certainly prodnco tlio con- 
densation and 2n’ocipitation into luminous clouds ot’ 
such vapors as had a b’oiling-point higher than tliat of 
the cooling surface. These clouds would float in jiii 
atmos2)here saturated with tlie vapors from wliich 
they were formed, and also containing such other va- 
pors as were not condensed, and thus the pecnliarities 
of the solar spectrum would result. On tho other 
hand, the permanent gases, like liyclrogen— those not 
subject to condensation into the liquid foian iiutlcr 
the solar conditions — would riso to higher elevations 
than the others, and form above the 2)hotos2)hcrc just 
such a ohromos2rhere as wo observe. Wliotboi', froin 
the mere assumption of such a constitution for the sun, 
one could work out, a tlic 2 ^henomena of sun- 

spots and prominences, is iiidood doubtful; but thus 
far nothing in any of them has been observed whioh 
appears to be inconsistent with this view of tho subject 
^nothing, wo say, unless it should turn out, as was 
once maintained, tliat the solar surface i^ossosses, so to 
speak, "geographical” characteristics, evinced by tho 
disjDosition to break out into sun-s 250 ts at certain lixod 
points as if at those 2^01 nts there were volcanoes or 
something of the sort. Of course, tho fact that the 
spots are distidbuted mainly in two belts parallel to tho 
solar equator, involves no difiioulty, for it is easy to 
Conceive how, in more than one way, tlio sun^s rotation 
might lead to such a result: but 2^0011! lari ties porjuft' 
nently attaching to individual points on the solar sur' 
face necossarily imply rigid coimcctioiiB, such ub aro 
inconsistent with the theory of a gaseous or even of a 
fluid nucleus, ;■ B\i,t while, as has boon pointed out on 
p. 150 , there is a marked tendency in sjiots to recnr at 
or near the same points during several solar revolutione. 
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tliero is no ovitloiico which establishes the oxistenco of 
fixed spot-con tei's ; and the idea is to bo regarded inoro- 
ly as a relic of the old llorschollian theory of a solid 
sun. Still it is dilliciilt to test the notion conclusively, 
oven by means of such oxtendod observations as those 
of Carrington or Spooror, or the auroral periods of 
Voedcr, since the time of rotation of the solid nucleus, 
if it exists at all, is unknown, and this makes the discus- 
sion difficult and unsatisfactory. 

With roforonco to the constitution of the photo- 
sphere there is a general agreement among astronoiners. 

A few, perhaps, still hold, ns has been mentioned, to the 
idea that the visible surface is a liquid shoot, while some 
believe that it is purely gaseous ; but the whole appear- 
ance of things, the details of the granulation, the phe- 
nomena of spots and faculre, the mobility and variability 
of the llocculos, all bettor accord with the theory ado])tod 
in these pages, which is a necessary consequence of the 
hypothesis that the sun is principally gaseous. It seems 
ahnost impossible to doubt that the photosphere is a 
shell of clouds. As to the precise constitution of this ' 
shell, however, the form and magnitude of the compo- 
nent cloudlets, the chemical elements involved, and the 
temperature and pros.sure, there is room for a good deal 
of uncertainty and dillcrcnco of opinion. The more 
common view, a})parently' — the one, certainly, which the 
writer has hitherto held — is, that the clouds are formed 
mainly by the condensation of the substances which aro 
most conspicuous in the solar spectrum, siudi as iron 
and the other metals, As to the form of the clouds, 
also, it has usually been assumed that, as a consequence 
of tlio ascending currents by which they aro formed, 
they aro columnar, their height being much greater 
than their other dimensions. 



330 


Till'] MUN. 


Profossm* llasUn^H Ihih pnipnmul ii hdiiu'wIiiiI; <li(T(5r' 
ont tli(!ory (iilruacly rofLimal to on [>a^o iiS'J), wliioli 
avoids some of tlio (lilUcuiltioH of tlm naioivcid (l<iotnin!, 
tliongli not without oncoiintorin^ otlmrs wliic.li hocih 
just as forini<Ial)lo, 

Olio main peculiarity is tho aHsinii[ition |■■lml: tlm 
pliotoaphoric “clomls” arc fonned Ity tliii lU’oiupilalion 
of cither carbon, silicon, or boron (tJio tliroo nl<^ndlorH 
of tho carbon J^i'uup), to tho oxclnsion of otlu'r suli- 
stances which are loss refractory (havn^ hiiiwr htiUhuj 
fointi)^ and thoro'foro (!s<!apo preci|iitation. ddioso 
bodies whicli have boiling-points higher than that of 
this photosphoro-oloniont, as it may bo calhal, will, llmro- 
fore, not exist to any extent in the vaporous atmosphere, 
having suITerod precipitation before they reacb tlu< visi- 
ble surface, Tlioso only will show their lines in the 
spectrum wliich have lower boiling-points, and so do 
not snJTor precipitation at the temperature of (he photo- 
sphere. lie gave this as tho reason wliy tho lines of 
silicon, etc., do not ap])ear in tho solar H[uad:i'nni, a re- 
mark which has now lost its force, since tlie later work 
of Eowland and others shows that the lines of carhon 
and silicon are really present. The carl am lines are 
several hundred in number, but notisoiiHjiic.uouH beeauHO 
they fall in the violet and ultra-violet. The linos of sili- 
con are strong, but not numerous. Tl; will at once be seen 
that, if this view is true, tho temperature of tlie phnto- 
sphero is that of tho boiling-point (under the local con- 
ditions of pressure) of tlio silicon or carbon, oi' wbat- 
ovor it is which forms tho clouds. As an objection to 
the view, it immediately occurs to one that, if tho car- 
bon, for instance, w precipitated at and below son us 
special elevation, yot the vapors of iron, sodium, and all 
the other solar metals will jdso above It, and, in tlioir 



SUMMARY OP PACTS, ETC. 


337 


turn, will find a lovol and temperature of precipitation ; 
BO that the photosphoric clouds, instead of being com- 
posed of any single substance, would contain all which 
can find a lovol and temperature of precipitation any- 
where in the solar atmosphere. As to the form of the 
floccules, it would seem that the successive precipitation, 
at different levels and temperatures of diiferont ele- 
ments in an ascending current, must result in clouds of 
groat vortical extent — “ columnar,” ns wo have called 
them. I^rofossor Hastings rather demurs to this, how- 
ever, saying that in his observations ho lias met “ noth- 
ing which would indicate a columnar form of the gran- 
ules under ordinary circumstances.” 

As regards the explanation of the absorption layer 
which darkens the edge of the sun, and the theory of 
sun-spots and their jionumbra, we give his own words : 

“The propipitatod inntorinl rapidly cools on account of its 
groat radiating power, and forms a fog or smoko wliioh sottlos 
slowly tlivoiigli tiio spaces between the granules, until rovolatilizod 
below. It is tills smoko wliieli produoos the general absorption 
nt tlio limb, and tlio * rioc-graiti ’ struoturo of the photosphoro. 

“ Wlioro any distur banco tends to inoroaso a downward oon- 
vootion onrront, tboro is a I'lish of vapors at the ontor surface of 
the photosplioro toward this point. Those horizontal onrronts or 
winds carry with them tho cooled products of prooipitation, whioh, 
Aooii inula ting above, dissolve slowly bolow In sinking. This body 
of smoko forms tiie solar spot. 

“Tho upward oonvootion currents in the region of tho spots 
are bont lioriznn tally by tbo oontripotal winds. Yielding tboir 
heat now, by Iho relatively slow process of radlnlion, the hoi of 
prooipitation aro miioh elongated, thus giving tho region imme- 
diately surrounding a spot tho oliarnotoristio radial struoturo of 
tho ponumhru. 

“This oonooption of tho imtnro of the penumbra implies a 
ready interpretation of a roinarkablo phenomenon, amply attested 
by tho most skillful observers, and, as far as my knowledge goes, 
28 
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wholly unoxplflinod, namely, the brightening of the inner edge ot 
the penumbra in every woll-devolopod spot. ^ • 

“ This interpretation is, perhaps, most readily imparted by a 
comparison of the hot oonvootion onrronts in tho two oases. 
When the convection current is rising vertically, tho medium is 
cooled by expansion until the precipitation temperaturo is ronohod, 
when all the condensible material apponrs s-uddcAl/yy save as it is 
somewhat retarded by the heat liberated in the aot. Immediately 
afterward tho particles become relatively darh by radiation. In 
the horizontal currents a very different condition of things ob- 
tains. Here the medium (loos not cool dyuamioally, by expansion, 
but only by radiation ; honoo (since tlio radiation of the solid pai* 
tides is enormously greater than that of tho supporting gas) prao- 
tionlly by that of tho particles thomsolvos. Thus, after tho first 
particle appears, it must remain at its brightest inonndosconco 
until all the material of which it ia composed is precipitated. 
From this we see that suoh an horizontal current must incronso 
gradually in hrillianoy to its maximiiin, and then suddenly dimin' 
ish— an exact accord an oo with tho facts as ohservod.” 

The idea that the stratum which produces tho genora’i 
absorption at the limb of the sun is a veil of ‘‘smoko” 
— i. e., of the same minute particles which constitute 
the photosphere, but cooled to relative darkness — ^lias 
been already alluded to in a preceding chapter, So far 
as we know, it is novel and valuable, clearing np a good 
many embarrassing difflcnlties. It is so obvious, on 
reflection, that something of the sort must accompany 
the photosphere, that it is surprising that the idea liad 
not been thought of before. Of course, tho partielos 
formed by condensation must, many of them at least, 
be carried by the ascending currents high above tho 
point of their formation, and cooled so much as to bo- 
come relatively dark in comparison with the more vivid 
incandescence of the regions below, just as the ascend- 
ing particles of carbon, uu consumed and eoolod, consti- 
tute tho smoke of a fire. 



SUMMARY OF FACTS, ETC. 


331 ) 


As regards the explanation of spot phenomena, wo 
see no special advantage in tlio idea proposed. The 
received tlieory regards tlie general brightening at the 
inner edge ol' the penumbra as produced by the con- 
vei’gonce oI the luminous iilaments, reiidered horizontal 
by the indraught. The j/7<rtA‘^buU)ous termination of 
the Iilaments occurs only occasionally, and is probably 
mci’cly an illusion due to “ irradiation.” As already 
stated on page 12G, with a large telescope, and under 
the linest optical conditions, these “bulbs” assume the 
appearance of “ iish-hoolv.s,” so to spealc, of extreme 
brilliance. And it is diflicult, though perhaijs not im- 
possible, to reconcile the smolce theory of BUn-s])ot dark- 
ening with the observations of the writer and Jduner 
U])on the 8nn-s})0t sjiectrum (])ago 132 ), which seem to 
show that the absorbing medium is mainly gaseous. It 
may bo that such a smoke as the theory sipiposos would 
carry with it a sunicient quantity of coolc<l va^mrs to 
exidain the spindle-shaped, close-packed dark lines that 
are observed, while the bright linos, here and there ob- 
seiwed, can be accounted for as dpe to overlying gases. 

The idea that carbon may bo the main eoiistituout 
of tlio photospliore is by no means new : it was first 
seriously advanced, wo believe, by John stone Stonoy, of 
Dublin, as early as 1807, mainly on physioo-cliomical 
grounds, and is cntlnisiastically advocated by Sir Ltobort 
Hall in his recent “ Story of the Sun.” It is quite pos- 
siblo that the objection based upon the lower condensa- 
tion tomporaturo of ii'on and other metallic vapors may 
bo fairly met by siicli oonsid orations as explain tlio pres- 
ence of a certain amount of water-vapor above the clouds 
in our own atmosphere. 

As regards the “ reversing stratum ” very little need 
bo added, Mr, Lockyor indeed denies its oxistonco— 
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that is, in tlio sense that tliere is a thin stratum, close 
above the surface of the photosphere, in which most of 
the dark lines of the solar spectrum originate. lie 
maintains, on the contrary, in accordance with his ‘‘ dis- 
soeiatiou theory,” that certain of the linos, due to sub- 
stances the most nearly elementary, and having their 
molecules in the highest stage of dissociation, originate 
only deep down in the solar atmosphere whore the heat 
is most intense ; others, duo to vapors with molecules 
somewhat loss simple, have their birtli a little liigher ; 
and others yet, due to molecules the most complex, are 
produced only in the most elevated regions of the solar 
atmosphere ; each elcyation thus being responsible for 
its own special family of spectrum linos. 

If, however, we reject this theory as “ not proven,” 
we get results not very different. 

The vapors of the photosphere and chromosiihere 
are not to be thought of as entirely sojDarate and dis- 
tinct. All the gases are found together in the inter- 
stices between the cloud-granules of the photosphere — 
tlie unknown substance which produces the green line 
in the spectrum of the corona, the hydrogen, the cal- 
cium, and helium which characterize the chromo- 
sphere, and the metallic vapors which give tlic revers- 
ing layer its peculiar properties — those all exist togothci’ 
in the lower depths, unless, indeed, it may possibly be 
the case that at the greater elevations some compound 
bodies are formed which can not exist in the fiercer 
fires below. So far as we can distinguish between 
these different portions, we may define the photosphere 
as the shell within which precipitation is taking place ; 
the reversing layer, as that lowest region of the solar 
atmospliere which contains sensibly all the gases indi- 
cated by the spectroscope ; tlie chromosphere, as the 
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region ol liydrogeiij calcium, and helium; and the 
coi’onn, as that upper domain of the solar atmosphere 
which becomes observable only during solar eclipses. 
But tho coronal gas itself is most conspicuous and 
abundant right in the photosphere and reversing layer, 
and the same is true of the liydrogen of the promi- 
noncos. 

It is well, also, to bear in mind that, if any sub- 
stances decomposable by heat exist upon the sun at all, 
we must expect to find them in the higher and cooler 
regions of the solar atmosphere. In and near the pho- 
tosphorOj or underneath it, matter must be in its most 
olemontal state. 

As to the mechanism of the chromosphere and 
prominences, if wo may use the expression, much cer- 
tainly remains to be learned. In many cases, indeed, 
perhaps in most, the forms and behavior of the ]n'otu- 
berancea are satisfactorily enough acoounted for by sup- 
posing that the heated liydrogen and its associate vapors 
is simply forced up into cooler regions by pressure from 
below — a pressuro which must result from the down- 
ward niovomont of the great mass of precipitated mat- 
ter which forms the photosphere. But evidently this 
is not the whole stoi’y. Wo must liavo recourse to ideas 
of a diil'oront order to account for tlie somewhat rare, 
but still really nnmorous and woll-autbonticated in- 
stances when the summits of prominoncos have been 
soon to rise in a few minutes to elevations of two or 
throe hundred thousand miles, tho upward motion being 
almost visible to tho eye at tho rate of a hundred miles 
a second or more. 

Yory perplexing, also, is tho indubitable fact that 
clouds of this promineneo-niattor somotimos gather and 
form without any apparent connection with tho chroino- 
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spliere below, apparently just as clouds form in our own 
atmosphere, by the condeiisatioji of vapor, before invis- 
ible. On the whole, it looks very much ns if we must 
regard the prominences as differing fi'om the surround- 
ing medium mainly, if not wholly, in their luminosity 
— as simply superheated portions of an immense atmos- 
phere, 

But, then, we immediately encounter tho diflicultics 
so ably urged by Lane, Lockyer, and others, that the 
existence of hydrogen of any appreciable density, at tho 
elevation of even a hundred thousand miles, imjdics a 
density and pressure at the surface of the ])liotosphoro 
so high as to be entirely inconsistent with the spectro- 
scopic phenomena there manifested — unless, indeed, 
under solar conditions, the action of gravity npon tho 
gases of tho solar atmosphere is modified hy some re- 
pulsive force. That such a force is at least couceivahlo, 
is obvious from the behavior of the tails of comets; 
and many features in the corona point in the same di- 
rection. Of its nature and origin we can not, however, 
assert anything as yet. 

Even more difflcult than the problem of the chromo- 
sphere is that of the corona. Wliilo it is something to 
know that the phenomenon is mainly solar, and that, 
therefore, it must rank in magnitude and importance 
with tho most magnificent of natural objects, wo have 
yet to find a satisfactory explanation of many of its 
most obvious features. It is certainly very complex — 
matter meteoric and matter truly solar; orbital motion, 
solar attraction, atmospheric resistance, and actions 
thermal, electrical, and magnetic, are probably all com- 
bined. 

At present it would seem that the most important 
and fundamental problems of solar physics which are 
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now pressing for solution arc those : first, a satisfactory 
explanation of the peculiar law of rotation of tho sun’s 
surface; second, an explanation of the periodicity of 
tho spots, and their distribution ; third, a determination 
of tho variations in tho amount of tho solar radiation 
at dilTorent titvios and diifcront points upon its surface ; 
fourth, a satisfactory explanation of tlio relations of the 
gases and other inattfirs above tho photosphere to tho 
sun itself — tho problem of the corona and tho promi- 
nences; and, fifth, tho discovery of some reasonable 
hypothesis as to tho sun’s loss of heat by radiation 
which would reconcile our estimates of its age and 
probable future endurance with tho demands of ovolu- 
tionary theories of tho planetary and stellar systems. 

One might name many otbej’S of hardly less interest, 
such as that which has to do with tho intimate connec- 
tion between terrestrial magnetism and tho condition 
of tho solar surface ; but, on tho whole, tho five named 
seem to bo those the solution of which would most ad- 
vance our science. N'ot, of course, that wo arc to sup- 
pose that oven their solution would bring us in sight of 
tho end or limit of knowledge. Each onward step only 
opens before us a now, wider, and more magnificent 
horizon, with infinity still beyond it. 



SUPPLEMENTARY NOTE. 


JIELIUM, ITS IDSNTIFJCATIOy AND PltOPERTlKS. 

While this work was nuclor revision and passing 
through the press fresh announcements respecting lioli- 
nra followed each other so rapidly that it soon beoaino 
evident that it would be useless to attempt to include 
tliem all in the text, and that the better course would bo 
to add a supplementary note which should represent as 
nearly as possible tlie state of our knowledge at the 
date of final publication. 

The famous D, line was first seen in 1868, wlion tlio 
spectroscope was for the first time directed upon a solar 
eclipse. Most of the observers supposed it to bo the ,0 
line of sodium, but Janssen noted its non-coin old once ; 
and very soon, when Lockyer and Frankland took ill) 
the study of the chromosphere spootrum, they found 
that the line could not he ascribed to hydrogen or to 
any then known terrestrial element. As a matter of 
convenient reference Frankland proposed for the un- 
known substance the provisional name of ‘‘helium” 
(from the Greek “helios,” the sun), and this ultimately, 
though rather slowly, gained universal accoptancQ. 

Within a year two other lines (\ Y,066 and X 4,1:72) 
were discovered in tho chromosphere spectrum by Payot 
and Respighi respootively, which like Dj are always 
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present in the proniiiionces, but liavo no corresponding 
dark^ lines in tlio ordinary solar spectrum. It was of 
course early suggested, but without proof, that these 
linos also wore duo to helium. Since then some eight 
or ton other linos have been foiuid, frequently, but not 
always, ])rcsentiug thomsolves in the chromosphere 
Bpcctrum, and, like the first three, also without dark 
analogues. Moreover, still more recently, and its 
congeners have been detected in stellar spectra — dark 
in the spectra of the “ Orion stars,” hrujht in the spectra 
of certain variables and of the so-called AVolf-Eayet 
etars ; and hoth hrigkt and dark in Lyrce’ and the 
“ new star ” of Auriga which appeared in 1892. 

Naturally tliore has been much earnest searching 
after the hypothetical element, but until very recently 
wholly without success ; though it should be mentioned 
that in 1881, Pahniori, the director of the earthquake 
observatory upon Vesuvius, announced that he had 
■found 1), in the spectrum of one of the lava minerals 
with which ho was dealing. But he did not follow up 
the announeomont with any ovidonco, nor has it ever 
received any confirmation, and from what we now know 
as to the. conditions necessary to bring out the helium 
spectrum, there is every reason to suppose that he was 
mistaken. 

The matter remained a mystery until April, 1895, 
when Dr. liamsay, who was Lord Bayloigh’s chemical 
collaborator in the discovery of argon, in examining the 
gas liberated by heating a specimen of Norwegian 
cl6voito, found in its spectrum the D, lino, conspicuous 
and indubitable. The mineral was obtained from Hille* 
brand, one of our American chemists, who had pre- 
viously studied it, and asoortainod that it could be made 
to give off a gas wliich ho identified with nil/rogm. It 



846 


SUPPLEMENTARY NOTE. 


really was nitrogen in part, bnfc Rainsay eiispoctod that 
he should also find argon^ as lie did — and hoUmti bo- 
sides, which was unexpected. 

Cleveito is a species of uraninito or pitch- blcndo, and 
it soon appeared that helium could bo obtained from 
nearly all the uranium minerals, and from many others; 
from many, mingled with argon; from others, nearly 
pure. In fact, it turns out to bo very widely distributed, 
though only in extremely small quantities, and generally 
“ occluded,” or else in combination — seldom, if ever, free. 
It has been detected in meteoric iron, in tho waters of 
certain mineral springs in the Black Forest and l*yro- 
iiees, and Kayser even reports traces of it in tho atmos- 
phere at Bonn. 

It is generally obtained by heating tho substance that 
contains it in a close vessel connected with an air-pump 
of some kind by which the liberated gases are drawn oil 
and collected. They are then laboriously treated to 
remove as far as possible all tho foreign elements (nitro- 
gen, etc,), since the presence of as much as five or ton 
per cent, of any other gas prevents tho now cl omen ts 
from giving any speotroscopio evidciico of their pres- 
ence ; they are too shy and modest to obtrude them- 
selves, In many cases, as has been said, argon and 
helium come off together, and certain lines in their 
spectrum are nearly coincident, so that for a time there 
was supposed to bo some close bond of connection be- 
tween them. The latest observations, ho wo vet*, make 
it certain that this is not so : as Mr. Lockyer puts it, 
“ argon is of the earth, earthy, but helium is distinctly 
celestial.” 

Its spectrum has been thoroughly studied by Orookos, 
Lockyor, and Runge, who agree as to all its loading 
characteristics. 
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Ilungo, wliosQ work is most comploto and authorita- 
tive, Aiuls that its lines have a remarkably regular ar- 
rangeinoiit, falling into two distinct “sots,” each set 
consisting of a principal series and two subordinate 
ones, the lines in each scries corresponding very accu- 
rately to a formula (piito similar to that discovered by 
Halmer as governing the hydrogen spectrum. 

In the whole spectrum ho finds (by photography 
mainly) sixty-seven lines, twenty of which only are in 
the visible part of the Rpcctrum. Of the sixty- seven, 
twenty-nine belong to the first “set” and thirty-eight 
to the second. Of the twenty “ visual ” lines, thirteen 
have been observed in the spectrum of the chromo- 
sphere ; the missing linos all belong to the second subor- 
dinate series of the first “ sot,” and are so faint in the 
artificial spectrum of the gas that their failure to bo 
found in the chromosphere needs no explanation. 

The fact that the linos thus divide into two mathe- 
matically independent “ sots ” has led Rungo to belicvo 
that the helium oblaiuod from the minerals is really a 
mixture of two distinct gases, and ho has found it pos- 
sible to partially separate the two by a process of diffu- 
sion. The true helium', the one that gives D, and the 
other lines that are alwmjs present in the ohromosphero 
spectrum, ho considers to ho the denser of the two ; the 
spectrum of the other contains most of tho linos that 
appear only occasionally in prominences. "With this 
view Mr. Rocky or is entirely in agreomont. The lighter 
component has as yet received no name, Lockyer calls 
•it simply X. 

Tho lines of tho series to which D, belongs arc all 
doiible^ having a very faint companion on tho lower 
(i. c., red-ward) side, extremely close to tho principal 
lino. 'W’lion Rungo announced this discovery early iu 
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tTiino it at first produced sometliiiig like consternation 
among spoctroscopiats, for at that time there still re- 
mained more or loss doubt as to the validity of Bam- 
sny’a identification, and the solar D, had never been 
. observed to have such a companion. Very soon, how- 
ever, Halo, Hnggins, Heed, and otlior obsorvci's wlm 
had sufliciently powerful instruments, detected the lit- 
tle attendant of D, in the spectrum of jjrominencos, so 
that the momentary distrust was replaced by absolute 
confidence. 

As to the physical and chemical properties of the 
now gas our knowledge is still limited and our conclu- 
sions embarrassed by the uncertainty whether wo aro 
dealing with a single clement or a mixture — whether 
Hr. liamsay has introduced to the world one infant or 
a pair of twins. 

Tho gas liberated from elevoito, and purified ns far 
as possible, shows a density just a little more than double 
that of hydrogen, and is therefore much lighter than 
any other known gas except hydrogen itself. If it is a 
mixture tho lighter gas must have a density loss than 
two, and may ovon prove to he lighter than hydrogen, 
while tho true H, helium may have a density anywhere 
between two and four, depending on tho proportions of 
the mixture and tho density of tho lighter compound, 
It would bo very fine, wo may remark in passing, if 
the lighter component could liavo been identified with 
coroninm,” but this seems impossible since the char- 
acteristic 1,4T4 line (\ 5,316) does not appear at 'all in 
the spectrum of terrestrial “ helium ” derived from any 
source. 

Kamsay’s acoustic experiments tend to show that 
helium, like argon, is monatomic, hut oan Imrdly bo 
considered conclusive. If he is right, the atomic weight 
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of lieliuin must bo not far from four j but thus far all 
attempts to make it enter into cbemical combination 
have failed, though it seems rather probable that in the 
uraninito minerals it is held by stronger bonds than 
those of mere occlusion. 

Olszewski has tried his best to liquefy the gas, but 
thus far unsuccessfully ; the methods that have con- 
quered every other gas, hydrogen itself included, have 
failed with helium — a circumstance very ropiarkablc, 
since generally a denser gas liquefies more easily than a 
lighter one, and hitherto hydrogen has stood pre-emi- 
nent in its refractoriness. 

Probably the question has suggested itself to every 
reader how it happens that helium, so conspicuous in 
the atmosphere of the sun and many stars, should be so 
nearly absent from our own atmosphere and so scantily 
present in any form upon the earth. The answer seems 
to depend upon two facts — the chemical inertness of 
the substance and its low density. 

According to Jolmstono Stoney’s deductions from 
the accepted theory of gases, mfree gas of low density 
can ronmin permanently upon a heavenly body of small 
mass and habitable temperature, but the molecules will 
fiy ofO into space. A particle leaving the earth with a 
velocity of about seven miles a second would never re- 
turn to it. Kow, according to the dynamic tlioory of 
gases, the molecules of our atmosphere are fiying swiftly 
about with volocitios (at ordinary tomporatures) of from 
1,500 to 10,000 foot per second ; the heavier molecules, 
like those of oxygon and nitrogen, move comparatively 
slowly, but if any free hydrogen or helium is present 
its moloculeB take up volocitios several times more swift, 
and any that may happen to be near the upper limits of 
the atmosphoro would bo likely to be thrown off into 
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space. Ill the ease of tlio moon oven the oxygen and 
tlie nitrogen would go, siiico she is so small that a ve- 
locity not much exceeding a mile a second would carry 
them oif. If this is correct it is easy to see why we 
now have no appreciable quantity of free hydrogen or 
other light gas in our atmosphere. 

But while wo have no atmospheric hydrogen to 
speak of, hydrogen in coinbination is extrenicly abun- 
dant; one eighth part by weight of all the water in the 
sea is hydrogen ; and liydrogen coinhines freely ivith 
many other elements besides oxygon, so that we contin- 
ually liberate it in all sorts of chemical decompositions. 
Ilelinmj’on the otlier hand, enters into comhiriation 
most sparingly ^is therefore scarce, and even when pres- 
ent is, as we have said before, not easy to detect. 

Nowmhar^ 1895, 

The most rocent investigations with respect to the 
Oldvoito gas, wJiile not oven yet entirely decisive, rather 
favor the conclusion that it is a single element, and not 
a mixture of two or more (1897). 

{Supplementary to page 89.) Carbon lines have lately 
been detected in the spectrum of the chromosphere on 
photographs made by Professor Reed, and visually by 
Professor Halo of the Yorkes Observatory. Many high 
nutlioritios cousider that the “oarhon bands” found in 
the solar spectrum are really due to cyanogen^ a compound 
of carbon and nitrogen., thus adding the latter olomout to 
the solar list. In 1896 Bunge discovered also in the solar 
spectrum a triplet of oxygen lines, which appear not to be 
toll uric, and make the proaonoe of oxygon in the solar 
atmosphere highly probable, if not absolutely certain, 
(January, 1898). 
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NOTE A. 

ON THE ADJUSTMIONT OF THE RPF.OTROSOOl’E. 

Supplomontary lo pago 74. 

Tins following directions arc given in response to 
the requests of a number of the readers of this book : 

A. The first sto]) is to focus the viow*tolo8cope ap- 
proximately. Remove it from the spectroscope, and, 
turning it toward the sky, adjust the eye-piece until the 
wires of the micromotor, if there is one, are perfectly 
distinct ; then pointing to some clidmt object, move the 
micromotor itself in or out until the object is distinct at 
the same time with the wires. If there is no microm- 
otor, it is necessary only to sot the eye-piece to distinct 
vision of the remote object. It is best to make a per- 
manent mark of some kind on the tube by which the 
tolosGopo can be again focused at once if it happens to 
bo disturbed. 

11. To focus the collimator. Replace tho viow-tolo- 
Bcopo on tho si)cctro8oopo, and if tho construction of 
the instrument permits, remove tho prisms or grating 
and set tho telescope so as to look directly into tho 
collimator. Bring tho collimator-slit exactly to tho 
center of tho flolcl of view and close it so as to make 
it very narrow. Now, being careful not to disturb tho 
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focus of tlic telescope, slide in or out the tubo that car* 
ries the slit until the slit appears in the toloscopo clear 
and sharp as a tine, colorless line of light. It may bo 
necessary to illuininato tho slit by putting a piece of 
white paper before it, or in some other way. 

It frequently happens that tho instrument will not 
allow tlie telescope to be pointed into tho collimator. 
In that case we can proceed as follows if tho spectro- 
scope has a grati/ng ! Turn tho grating until tho re- 
flected image of the slit 'is thrown into, the view-tele- 
scope, and then focus the collimator as before directed. 
(In order to get the image of the slit into the center of 
the field of view it may be necessary to touch tho 
screws which adjust the inclination of tho grating.) If 
the grating is truly flat, this method will give just as 
good results as the one first mentioned, and tho gratings 
now obtainable arc generally unexceptionable in this 
particular, 

With a prism spectroscope the best that can usually 
be done is simply to focus the collimator by sliding in 
or out the slit-carrier until the lines of tho spectrum 
are sharp without touching the focus of tho viow-tolo- 
scope, If, however, the prism surfaces arc not per- 
fectly flat, as often happens, no satisfactory result can 
be obtained in this way, and the prisms are unfit for 
prominence or smi-^ot observciUons^ although tlioy may 
answer perfectly for some kinds of laboratory work. 

0. Make the slit parallel to tho lines of the grating 
or the edges of the prisms by twisting the tubo that 
carries it until the spectrum-lines ai’C perpendicular to 
tlie edges of tlie spectrum ; this is usually done at tho 
time wheh tho collimator is focused. 

D. To make the lines of tho grating perpendicular 
to the plane which contains the optical axes of the view- 
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tclesouj^c and (iolliinatitr. If thci adjtmLmcni happens 
to ho ])erfoet, then, on tuniiiig' tlu! grating, the spoeLva 
will ti’avol straight aoross the iiold of view and without 
cither rising or falling. 

If the s])U(it]’a run straiglit, Init rise on one side of 
the slit imago and fall on the othor as the grating is 
turned, the fault is eor rooted hy raising one edge of the 
grating (so as to rotate it slightly in its own plane) ])y 
means of the adjusting screws. If the spectra run in 
a curve, it shows that the jdano of the grating is not 
parallel to the axis of rotation and Ihe top of the grat- 
ing must be inclined a little one way or tlui other. It 
is likely to retpiire several trials to get both adjustments 
perfect, as touching one is apt to disturb the other. In 
spectroscopes with ju’isms the maker is supposed to have 
attended to ihe corresponding adjustment. If he has 
not done so, it is a rather serious job to make it cor- 
rectly by slightly tipping the prisms, and it would take 
too much time to describe the method. 

K. To adjust aoGuratoly the focus of both view- tele- 
scope and collimator for a special ray of the speetrum. 
(The focus (lilfei's somewhat for the diil'erent colors.) 
Suppose the 0-lino is in question : ilhirn the grating so 
as to bring into the held of view of the view-telescope 
the 0-lino in the Rpectj'uin of the second orden* on the 
morG disporsim side of the slit-image, (This spectrum 
has the hluc end between the obsoi’vcr and the collimator 
as ho puts his eye to the eye-piece.) l^robably lie will 
find that the lino is not (piito sharp; if so, make it 
sharp by focusing the ooUimalor without touching the 
telescope-focus as determined oii a distant object. 
Koxt turn the grating so as to bring in the second 
order 0 in the less dispersed speettrum on the other 
side of the slit-imago. The teloaeopo will bo now per- 
2<i 
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Imps perceptibly out of focus ; if so, focus i/ie telt\woj )0 
this time, leaving the collimator undisturbed. Then go 
bade again to the more dispersive side and see if the 0» 
lino is still in focus ; if not, readjust the Golliinalur- 
focus again. It will need only a touch. Of course, if 
found necessary, a third aj)pi’oximatian can be made in 
the same way. Always focus the GoUimator on the 
7}iore dispersed speetnun and the telescope on the less 
dispersed, alternating back and forth until the adjust- 
mont becomes perfect. 

F. To adjust the slit to the focal piano of the equa- 
torial to wliich the spectroscope is attached. Take out 
the oye-pieco of the equatorial, turn the Bpcctrosciope 
around until the slit lies nearly north and south, and 
direct tiro instruineiit to the sun, pointing it so that the 
nortliorn or southorn edge of the sun’s imago lies across 
tire slit, nearly in the middle. Use a dark glass in 
looking at the imago, otherwise the oyo will be dazded 
and lose much of Its sensitiveness. Move the whole 
spectroscope nearer to or farther from the object-glass 
of the equatorial until the edge of the image appears 
to be sharp on the slit-plate ; this will give an approxi- 
mate adjustment. ISfow look into tho speotroscopo and 
bring tho C-linc to the middle of the field. The spec- 
trum will ho divided lengthwise into two lialves, one 
'very bright — tho spectrum of tho sun itself — the other 
fainter — the spectrum of our own illuminated atmos- 
phere. Focus the view- telescope very carefully upon 
dv^at-Unes in the spectrum (which arc always more 
than sufliciently abundant), and see if then the dividing 
boundai'y between tho two halves of tho spectrum is 
also perfectly sliarp. If not, correct the approximate 
adjustment slightly until this eondition is fulfill od» 
This last adjustment can be made satisfactorily only 
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when tlie air is vorj sttsady, and, once obtained, per- 
il nine nt marks should bo made wliieh will enable it to 
be recovered if disturbed. Moreover, the adjnetment 
will be diileront for the diU'ereut rays of the spectrum 
(see page 73). The focal length of an ordinary achro- 
matic object-glass is shortest for rays between X) and K, 
is a little longer for (J and F, and about the same for 
both, and is considerably longer for tlie indigo and 
violet. In a telescope with a focal length of a dozen 
feet the diiterenco between E and II is fully three- 
quarters of an inch. 

It is perhaps worth noting that the best thing with 
which to clear out dust from the slit, so far as the 
author’s experience goes, is a little piece of soft white 
pine shaped like a toothpick ; almost any other kind of 
Wood loaves shreds in the slit-jaws. 

NOTE Jh 

Supploinonliivy to pnge 81. 

As a rule, the spectriiin of a luminous gas consists 
of a great number of lines, eonictimes, ns in the case of 
iron vapor, to bo' counted by thousands. 

In the spectra of many of tlie elomonts tlioro is no 
obvious regularity in the arrangement and spacing of 
the lines ; but in many also the lines, as has been shown 
by Bahnor, Kaysor and Run go, and other ohservors, 
fall more or less completely into "seiics,” in whicli 
they are spaced with perfect regularity according to 
very simple math cm ati cal formulra. 

The linos of hydrogen, for instance, form a single 
series : beginning witli the 0-line in the red, wo have 
next F in the blue, and this is followed by some twenty 
more (already observed in I lie laboratory and in the 
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spectra of the sun and various stars) whicli crowd uioks 
and more closely together as they run up into the ultra- 
violet region of the spectrum, their wavc-longtlis being all 

/ \ 

given by the one simple formula, X = 3040'! f |j I > 

in which \ is the wave-length of a lino on Rowland’s 
scale, and n is always one of the even numhoi's, (}, 8, 10, 
12, etc., beginning with 6, since 4 or any smaller num- 
ber would give an impossible result. 

It is a very curious fact that, while ordinarily w'^e 
find in the spectrum of hydrogen only linos that corre- 
spond to the even values of w, Pickering lias found in 
the spectra of certain stars, of which Zeta Pupjns is 
the most conspicuous example, a scries of intermediate 
lines which fall in between the lines of the usual hydro- 
gen scries and correspond accurately to the same for- 
mula with the odd values of n (5, 7, 9, 11, etc.), replac- 
ing the even. 

More frequently than otherwise the spectrum of a 
substance contains more than one series — that of helium, 
for instance, consists of six. In some cases the series run 
in the opposite direction, the snecessivo linos crowding 
more and more closely together as they approach the red 
end of the spectrum ; this is the case witli the hydrocar- 
bon bands which characterize the spectrum of a comet. 

Very often, perhaps uflually, the spectrum of an 
element contains besides the lines which fall into series 
a number of others which seem to follow no law ; and 
not nnfreqnently these unsocial linos are among the 
most important and conspicuous of all ; for inslanco, 
the H and K lines of calcium. 

The explanation of these peculiarities of spectrum 
structure is not yet known, but must be oonncoled with 
the structure of the molecule itself. 
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NOTE O. 

ON THE KKVEliSrNCt S’I'UATUJI AND ITH Sl’I'XVrRUM, AND 

ON THE aiMxn'uiur oe the (jokona. 

Supplomoiitary to pages HJJ, 825, and 880, and to pages 258-202. 

Tlio observation nuulo by the writer in ;18?0, do- 
seribed on pages 83 and 83, received a beautiful jdioto- 
grapliic coidirination during the total eclipse of 1800. 
Mr. Sliuckleton, the photograpbor of an English ]mrty 
at a station in Nova Z.onibla (the only party which was 
not balUed by bad weather), secured an instantaneous 
])hotograpli at the critical inoiuent with a so-called “ pris- 
matic camera,” which is simply a camera witli (in this 
case) two largo prisms in front of its lens, no collimator 
being used — -a photographic “slitlcss spectroscope.” 

When the sun’s disk is reduced to an oxtremely 
narrow crescent by the oncroa(diing moon, this crescent 
itself acts like the slit of an ordinary spectroscojio, and 
photograjdis taken with such an instrument iuimodiatoly 
before totality are just like the usual solar spectrum, 
except that the dark Fraunlujfor linos are ro])laced by 
dark crescents — negaiim images, so to speak, of tlio 
still uncovored j)ortion of the disk. As soon, liowevor, 
as the photosphere diHa])pears, the remaining, much 
fainter, crescent is simjdy tljo solar atmosjdmro, and if 
the observation of ‘JSYO was correct, its photograph 
ought to show a series of hrujlit images roplacing tlio 
former dark ones, and it did. 

Mr, Shackloton watched the waning croscont with a 
small diroot-vision prism held in tho hand, and at the 
instant when tho brilliant dark-linod spoctriim vanished 
lie “pressed tlio button” and caught on his plato tho 
“ flasli-sjDoctrum,” as it has boon called by Mr. Lockyor. 
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The exposure was about half a soeond. Tho photO' 
graph shows a long range of several hundred bright, 
curved images, of which there are nearly 250 in tho blue 
portion of the spectrum between F and H. About 
25 are much more extensive and conspicuous than 
the others, and are images of tho chromosphere and 
prominences. They are due to hydrogen, calcium, 
helium, strontium, and one or two other olomonts 
which often appear in tho ohromoaphero. The rest 
are simply reversals of the Fraunhofer linos, as IVlr, 
Shacldoton has shown by developing tho flash-spectrum 
into a bi*ight-lino spectrum of tlio usual form (which iii 
easily done by a simple mechanical contrivance), and 
comparing it with an ordinary dark-line solar spectrum 
photographed with the same camera and prisms, but 
with tho addition of a collimator and slit. The agree- 
raertt is practically coinploto, although there arc two or 
three somewhat conspicuous Fraunhofer lines which are 
missing in the flash-spectrum, probably becauso they 
originate not above the surface of the photosphere, 
but in its depths, as probably also do the wide hazy 
shadings that accompany tho II and K lines and some 
others, but this is a matter for further investiga« 
tion. 

A second photograph, taken not moro than five or 
six seconds later, shows only tho chromosphorio images, 
proving of course that the stratum of the solar atmos- 
phere whiob produces the Fraunhofer linos by its ab- 
sorption must bo extremely thin. This is perfectly in 
accordance with the view expressed on pages 326 and 
339, and does not at all favor the opposite "Dissociation 
Theory ” of Mr. Lockyer, according to which the lines, 
many of them at least, are produced only at a consid- 
erable elevation, whore the temperature is low enough 
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to allow tlio roconibinatiou of elements dissociated in 
the hotter regions under neath, 

A pliotograph made by the same instrument about 
the middle of the eclipse, with an exposure of nearly a 
minute, shows very iinely the green coronal ring, corro- 
s])onding to the old line” and several others in 

addition. These are all in the violet i)art of the sjioe- 
trum, and are extrcinoly faint, excepting one which is 
a little below II. They are all pi‘obal)ly due to the 
game hypothetical element, still uni den tilled, but pro- 
visionally named “eoronium,” The pliotogra})h also 
Bcems to mako it certain that liyilnnjan^ holium^ and 
calcium, though brilliantly eons])iouuus ujxm the plate 
in the images of tho proiniiionces, entirely abnent 
from the corona, a rosnlt agreeing with that deduced 
•from eiinilar photographs made in 1H03, but only re- 
cently published. It is <|iiito clear that tho earlier oh- 
sorvations (referred to on pages ‘2(10, 201, and 202) 
were misleading 'fi'om tho fact that the apparatus did 
not still ici on ily guard against tlio effects of the illumina- 
tion of tho air by light from the prominences. 


NOTE 1). 

SIIIltT OF ei'KOTItUftt LINKS CAUSKl) UY OUANGK OF 
PltlJHSnUK, 

.Supplomontivry to page 08. 

An important series of obsorvations, in ado at the 
Johns Hopkins ITnivorsity by Ilumpliroys and Mohler 
in 189i3-’90, has shown conclusively that changes of 
presBuro alter tho position of linos in tho spectrum in 
prcoisoly tho same way as does motion in the lino of sight 
(approach, or roecssion), 
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Incnam of ^ressxire upon gaseous moleculos wliich 
are emitting or absorbing light shifts the lines of the 
sjyect/t'um toward the red by an amount whieh is pro- 
portional to the change of pressure ninl to the wave- 
length of the line affeetod, but is differ out for different 
elements, and, in some cases at least, diJTers for tlio 
lines belonging to the different “ series ” (Note 13, pag(5 
355) in the spectrum of a given element; thus, for in- 
stance, the shift of H and IC is only half a.s groat an 
that of the calcium-lines which belong to tlio two regu- 
lar series. 

This pressure effect is very slight; in the ease of 
most substances a pressure change of ton atinosphoroa 
(150 pounds to the square inch) produces a displaeo- 
menfc much less than would a velocity of n mile a sec- 
ond. Still, even this amount is a quantity which enu 
not be neglected in the investigation of tho motions of 
the stars, and the comparison of the dilluvoneo of tho 
shift of lines of different olomonts may nltiuiatoly givo 
us important information as to tlio atmosphorio ])rcs- 
siires existing upon the stellar surfaces, and sp of tho 
intensity of gravity there prevailing. In the “ revers- 
ing layer” of the snn the pressure appears to bo bo- 
tween four and seven atmospheres. 


NOTE E. 

Supploinonlai'y to pages? 141-144, 

Recent important and elaborate mathematical in- 
vestigations by Wilsing, of Potsdam, and Sampson, of 
Durham College, England, point to tho couclnsion that 
the explanation of the “ Equatorial Accoloration ” of tho 
sun, which has so long perplexed tho stiidonts of solar 
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pliysics, is to bo Bought not in forces and eoiiditioiis at 
pi'GRont acting, but in a slowly dying “ survival ” from 
an earlier state of things. As Wilsing expresses it, 
“ Wo are relieved from tho difficulty of aceounting fur 
the inaiiitoiianco of these currents on mechanical and 
physical principles, since they appear as the result of 
earlier conditions of motion.” While tho present con- 
ditions are such as tend to destroy the ol)servod in- 
equalities of motion, and will nltin lately bring the sun 
to tho saino state of uniform rotation as a solid gloho, 
yet the ])rocesB is so slow that the present behavior will 
continne praetically unchanged for thousands, if not for 
millions, of years. Ifear tho center of the sun this 
state of uniform rotation has probably been already 
reached, but it will be ages before tho surface drifts 
will disappear, and the change in a century or two will 
bo quite too small to bo detected by any possible obser- 
vations. 

Tt is perhaps worth while to add in this connection 
that tho Bjicotroseqpic observations of Jewell and otliors 
at .Tohns Hopkins give results as to the sun’s rotation in 
practical agreement with those of Dun6r, quoted on page 
101, Tlioy appear also to indicate further that the lo\\’er 
lying strata of tho solar atmosidiero move more slowly 
than those at a liighor elevation, and take longer to 
complete a rotation. Hut tho obsorvations are so deli- 
cate that this can not yet be considered as established 
bovond ouGStion, 
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spots, 129. 

Huggins, granujntlon of tho sun’s 
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— observation of Vonus on tlio oo- 
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L ACAIIjLK, ol)nui’viition» lor Holnr 
pflrivllnx, 18, 
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Liuisscidat, horizontal pliotohoHo- 
graph, 27, 

]jc (Jhalcliur, on tho lomporaturo of 
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spots, oyolonos, and rainfall, 17S- 
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of tljo sun’s surface, 101. 
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Putit, obaorviition of tlio corona in 
1800, 250, 
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I’roetor, demonstration Hint lljo co- 
rnua onn not be due to the earth’s 
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— voloolty of matter ojootod from 
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— pliotogrnph of proniioonoo in C 
lino, 232. 

Roileoting toloseopo with unsilvorod 
mirror for observing the sun, 54, 
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218. 
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Smyth, rccorda of rock~lhcrmouic- 
lorri at JOiliuburgh, ITS. 

Solar, conalnnt, ilelluod, aufl. 
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{jun>Hpota, tlioorioB fts to foi'innllon 
(Hul imturo of, 177-100. 

vlsiblo to tlio n«koil oyo, IM, 

127, 128. 

Swftu, speotrosQoplo obsorvationa, 00, 
80. 

Syrnous, connootlon liotwoon Bua- 
spots niul rainfftll, 17B. 

Synolitinl atruoturo of tho ooronn, 
204. 

T ACCIIINJ, Bun-spot of 1883, 128. 

TardO, siclera Mrhmica^ 115. 
Tolespcclioscopo, 74, 7fl. 

Tcinpol, dvftwbig of colli)so of 1800, 
242. 

Tempornturo of llio bhii, 806-800, 
824. 

tho flun’fl eontor, 8S1. 

flun-spot, 170. 

— torroRti-inl na affootctl by aun- 
Bpotfl, 170-178, 

Tonnont, Colonel, obsorvatloii of 
floJlpso of IfiOS, 107. 
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Thorinopilo, 170, 208, 802, 
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